Near-surface diffusion anomalies in solids by Foster, Herbert Reginald
NEAR-SURFACE DIFFUSION ANOMALIES IN SOLIDS
by
H.R. foAteA
Thesis submitted for the 
Degree of Master of Science 
in the Australian National University
June 1972
ii
STATEMENT OF AUTHORSHIP
The work contained in this Thesis is my own except 
where another source is indicated.
TtitiX* ■
H.R. Foster
Copy 1
iii
ACKNOWLEDGEMENTS
I wish to express my gratitude to Dr. A.J. Mortlock for his 
advice and supervision during the course of this investigation, and 
Dr. R.P. Agarwala for reviewing the manuscript. My thanks are also 
extended to Mr. D. Price for informative guidance in practical 
procedures, Mr. L. Batt and Mr. J. Robinson for valuable technical 
assistance and Mr. K. Smith for assistance with photography.
I am indebted to Dr. M. Hollis of Engineering Physics for 
helpful discussions and aid with the production of the thin silver 
crystals, and Mr. J.S. Harrison and Mr. A.W. Freeman for their 
technical assistance with the evaporation unit made available by 
Nuclear Physics.
The generous assistance offered by many individuals at the 
Royal Military College, Duntroon, is also gratefully acknowledged.
iv
ABSTRACT
Diffusion penetration profiles and diffusion 
coefficients for the following three systems were determined 
using serial sectioning techniques:
(i) diffusion of beryllium into magnesium 
oxide single crystals at 1204°C,
(ii) self-diffusion of gold into single crystals
for five temperatures in the range 280-409°C and 
in particular at 409°C, and
(iii) self-diffusion of silver in thin crystals 
at 388°C.
The conclusions drawn were:
I. Near-Surface Effect. (Be into MgO.) The region
close to the specimen surface is characterised by 
a steep initial slope extending to a depth of about 
0.4 ym from the specimen surface. This result is 
qualitatively similar to near-surface effects 
reported for other diffusion systems.
II. Low-Temperature Self-Diffusion. Reported high D
values for gold self-diffusion near the surface at 
low temperatures, do not represent true diffusion 
rates. The present measurements show that gold 
self-diffuses in this region, at low temperature 
at lattice diffusion rates with no (or little) 
contribution from dislocation diffusion. Surface 
roughnessK combined with certain serial sectioning 
methods of analysis have been shown to lead to the 
spuriously deep penetration profiles involved. The 
results indicate that the situation is similar for 
silver self-diffusion at low temperature.
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FOREWORD
Thd AdpoAt, apaAt {aom thd two IntAoductoAy chapteAA, 
i s  in  tea paAts headed 'NeaA-SuA{acd E{{ect' and ' Low-TempeAatuAd 
Vl{{uAlon' .
PaAt I .  NdaA-SuA{acd E{{dct. Thd oAlglnal pAopoAdl 
was to  maize, an examination o{ two new dl{{uAlon A yA terns 
{ok. NSE. HowdveA, th is  proved unpAoductlvd and the. 
tnveAtigatton was diAconttnued. Thd two AyAtemA weAd 
Bd tn to  MgO [pland AouAdd Ampler) and Nl tn  MgO 
(Solid Solu tion). An  appaAdntly pKomtnent NSE {ok.
Bd tn to  MgO, obseAved tn  caAlieA woAk tn  thd  
laboAatoAy, was not {ound on close examtnatton o{ th a t  
Ay Atem, A sm all NSE was {ound, but meaAuKemdntA o{ 
sm all pdndtuatton distances by maAA changd pAoved veAy 
tddtouA and ttmd conAumtng.
A pAoposal to  a c tiva te  thd  63Nt tn  thd  MgOlNt] 
cAiystal by neutAon tAAadtation pAoved ZnpAactlcal and 
no moaAuAemdntA o{ neaA-AuA{add concdntAation pAo{lidA 
could bd madd {oa thtt> AyAtem.
VaAt 11. Low-T mpeAatuAd Vl{{uAlon. In a Adcond Atudy, 
A el{-dl{{uslon cod{{lcldnts tn  s in g le  cAystals o{ gold and 
AllveA have bddn ddteAmtned aAound 400°C. AbnoAmally high 
V values have bddn AdpoKted AdCdntly {oa thd  ndoA-AuA{acd 
Adgton {oa thdAd AyAtemA a t low tempeAatuAd, and Auch 
high valued havd bddn attAtbutdd to  d isloca tion  dnhanced 
dt{{uAlon. At thd  Aamd ttmd, In  thd  CJUAd o{ gold, la t t t c d  
Ael{-dt{{uAlon coe{{lclen ts havd also bddn measuAed In  good 
agAdement w ith thd  w ell established high-tempeAatuAa 
behavtouA. A Atudy haA bddn made. o{ thd  AeApcctlvd conditions 
AdqulKdd to  y ie ld  each o{ thd  two oppoAed Adts o { AeAults.
CHAPTER I
INTRODUCTION AND THEORY
Diffusion, in Solids
Diffusion mechanisms are conveniently studied using radioactive 
tracer techniques. Generally the experimentalist is concerned with dif­
fusion in one direction only. The host sample is prepared flat on one 
face and a thin layer of radioactive tracer is applied. Tracer atoms 
diffuse into the host lattice when annealed at the required temperature 
and the sample is subsequently sectioned and the concentration profile 
determined.
In many systems the tracer atoms are readily soluble and go 
into solution in a short time compared with the annealing time so that the 
whole of the tracer applied can be assumed to take part in the diffusion 
process from the start. These systems follow the Gaussian solution to 
Fick's second law i.e.
c(x,t) = 7=  “*(‘«^0  ••• (1)
where G(x,t) is the concentration of tracer solute, M is the quantity of 
solute per unit area initially at x = o, t is the diffusion annealing time 
and D is the diffusion coefficient.
The graph of Tn(C(x,t)) vs. x2 is, ideally, a straight line of 
slope - ~ ~  . In real systems^ deviations from the straight line are
frequently observed for values of x in the vicinity of the diffusion
depth, and in many systems deviations also occur for penetration dis­
tances short compared with the diffusion depth. The general form of 
C(x,t) vs. x2 for a real system is shown schematically in figure 1 where
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FIGURE 1. S c h e m a tic  p e n e t r a t i o n  p l o t  d i s t i n g u i s h i n g  t h e  t h r e e  b a s i c  
r e g i o n s  w h ich  d e r i v e  from  1 n e a r - s u r f a c e  e f f e c t s ,  11 b u l k  d i f f u s i o n  
( l i n e a r  d e p e n d en c e  o f  l o g a r i t h m  o f  c o n c e n t r a t i o n  on p e n e t r a t i o n  
d i s t a n c e  s q u a re d )  and 111 r e l a t i v e l y  r a p i d  s h o r t - c i r c u i t i n g  d i f f u s i o n  
such  a s  d i s l o c a t i o n  d i f f u s i o n .
3t h e  t h r e e  r e g i o n s  I ,  I I ,  I I I  r e f e r  r e s p e c t i v e l y  t o  n e a r - s u r f a c e  e f f e c t s ,  
b u l k  d i f f u s i o n ,  and s h o r t  c i r c u i t i n g  e f f e c t s  such as  r a p i d  d i f f u s i o n  
a l o n g  g r a i n  b o u n d a r i e s  and d i s l o c a t i o n s .
The N e a r - S u r f a c e  E f f e c t  (NSE)
The wide v a r i e t y  o f  e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  f o r  r e g i o n  I ,  
i s  i l l u s t r a t e d  by t h e  f o u r  c o n c e n t r a t i o n  p r o f i l e s  r e p r o d u c e d  i n  f i g u r e  2.
( a )  S i l v e r  i n t o  s i l v e r .^ A s t r a i g h t  c h a r a c t e r i s t i c  w i t h  r e g i o n  I 
a b s e n t  c o r r e s p o n d i n g  t o  no NSE f o r  s i l v e r  s e l f - d i f f u s i o n .
2(b)  C o b a l t  i n t o  g o l d . A q u i t e  r a p i d  d e c r e a s e  i n  c o n c e n t r a t i o n  
w i t h i n  a b o u t  0 .3  pm o f  t h e  s u r f a c e  o f  t h e  spec im en  c o r r e s p o n d ­
i n g  t o  a v e r y  sm a l l  d i f f u s i o n  c o e f f i c i e n t  o p e r a t i n g  i n  r e g i o n  I .
2
( c )  N i c k e l  i n t o  g o l d. An i n i t i a l  i n c r e a s e  i n  c o n c e n t r a t i o n  f o l ­
lowed by a s lo w e r  d e c r e a s e  a l l  w i t h i n  a b o u t  1 pm o f  t h e  f r e e  
s u r f a c e .
3
(d)  Z inc  i n t o  c o p p e r . An a n o m a lo u s ly  s t e e p  i n i t i a l  segment  o f  
s o l u t e  c o n c e n t r a t i o n  s i m i l a r  t o  (b )  above e x t e n d i n g  t o  a d e p t h  
o f  ~ 1 pm from t h e  specimen  s u r f a c e .
These  r e s u l t s  s u g g e s t  t h a t  s p e c i a l  d i f f u s i o n  p r o c e s s e s  o p e r a t e  
a t  specimen  s u r f a c e s  and a number o f  t h e o r i e s  have  been  p r o p o s e d .
4
Reimann and S t a r k  have  d e m o n s t r a t e d  t h a t  t h e  e f f e c t s  i n  some 
sy s te m s  c o u ld  r e s u l t  f rom t h e  d i f f u s i o n  o f  two s o l u t e s  s i m u l t a n e o u s l y .  
F i r s t  t h e  t r a c e r  o x i d e  w i t h  d i f f u s i o n  c o e f f i c i e n t  c o r r e s p o n d i n g  to  
r e g i o n  I  a t  t h e  s u r f a c e  o f  spec im ens  and second  t h e  f r e e  t r a c e r  w i t h  d i f ­
f u s i o n  c o e f f i c i e n t  c o r r e s p o n d i n g  t o  r e g i o n  I I .  I n  many sy s te m s  t h e  
r a d i o a c t i v e  t r a c e r  i s  a c t u a l l y  a p p l i e d  as  o x i d e  o r  a p p l i e d  as  a s a l t  
wh ich t h e n  c o n v e r t s  t o  t h e  o x i d e  a t  t h e  b e g i n n i n g  o f  t h e  d i f f u s i o n  
a n n e a l i n g .
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FIGURE 2 . R e p o r t e d  e x a m p le s  o f  n e a r - s u r f a c e  e f f e c t s .
5The oxide, being quite a large molecule, would diffuse only slowly cor­
responding to the very low near-surface diffusion coefficient often found, 
and at the same time it would dissociate releasing the tracer isotope 
which would diffuse more rapidly from the point of release.
The success of the theory is dependent upon the rate of reduc­
tion of the metal oxide by thermal fluctuations „and such reduction rates 
are shown to be consistent with the observed near-surface effects for 
four systems, cobalt into silver, gallium into gallium, zinc into copper 
and uranium into gold. The fit of the theoretical curves to the pub­
lished data is very good indeed in all four cases and is illustrated for 
gallium into gallium"* in figure 3. However, in an application of the 
theory to a particular diffusion system, appropriate diffusion coef­
ficients for regions I,II are taken from the actual experimental results 
themselves and these are then used in the theory. In any such procedure 
some reasonable agreement with experiment would be expected. The theory 
can provide an explanation for near-surface effects of the type shown in 
figures 2(b),2(d) characterised by abnormally low near-surface diffusion 
rates but cannot explain an effect such as determined by Mortlock for 
nickel into gold (figure 2(c)) which shows an abnormally low concentration 
in the near-surface region.
2Mortlock has proposed that the solute is subjected to an 
additional force that may be directed either toward or away from the sur­
face, as it diffuses in the near-surface region. Such forces arise for 
example from Gibbs' adsorption of the solute impurity at the surface. It 
is apparent that when solute atoms are brought into contact with a 
specimen surface a change in surface energy will result and the solute 
will be subjected to additional forces until the surface energy readjusts 
itself. If the presence of the solute lowers the surface energy, the
66 p“ -"
( PENETRATION) (um.)'
FIGURE 3. Near-surface profile for gallium self--diffusion showing the fit 
of the theoretical curve of Reimann and Stark to Carter and Wilson's 
experimental data.
7total energy of the system will be lowered by segregation of the solute 
to the surface. And if it increases such energy, segregation away from 
the surface will result. Lundy and Padgett^ propose that such a surface 
segregation process may be amplified for a diffusion experiment since all 
of the deposited solute is within or very close to the surface.
The problem is set up for analysis by assuming the chemical 
forces controlling Gibbs’ adsorption are derived from a potential 
field V(x) which is present in the surface region only. In the presence 
of such a field, Pick's second law takes on the form:
he _ cj_ / dc _c_ dV \
dt hx y dx kT dx J
where k is Boltzmann's constant and T the absolute temperature.
(2)
This equation has been solved by Woodrow^ for a plane source of 
-2concentration t g cm and a rejective potential V(x) of the form:
V(x) 2 kT in a + b x + b o < x < a
x > a (3)
where a and b are constants and x = a,defines the limit of the near­
surface region where V(x) reduces to zero. If V(x) is put equal to Vo
when x = o then
V o ■  2 kT (’ + f )
so that fixing Vq defines b for a given 'a' value and Vq is regarded as 
the maximum binding energy of the solute to the specimen surface. Figure 
4(a) is a plot of V vs. x for T = 945 °C, a = 1 pm and equal to 0.1 eV 
and 0.5 eV respectively.
Woodrow's solution to equation (2) is shown in figure 4(b) and 
a profile based on it with Vq equal to 0.1 eV and 0.5 eV and 'a' equal to
8T ~ 945 C
0-5
PENETRATION AS A FRACTION
OF ‘a '
FIGURE 4 ( a ) .  R e l a t i v e  v a r i a t i o n  of r e j e c t i v e  p o t e n t i a l  f i e l d  v s .  x 
f o r  t h e  n e a r - s u r f a c e  r e g i o n .  ( M o r t lo c k ’s t h e o r y ,  n e a r - s u r f a c e  e f f e c t . )
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FIGURE 4 ( c ) .  N e a r - s u r f a c e  p r o f i l e  b a s e d  on Woodrow’s s o l u t i o n  to  F i c k ’s 
second  law o f  d i f f u s i o n  i n  t h e  p r e s e n c e  o f  t h e  r e j e c t i v e  p o t e n t i a l  f i e l d  
shown i n  f i g u r e  4 (a )  .
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FIGURE 4 ( d ) .  C o n c e n t r a t i o n  v s .  p e n e t r a t i o n  d i s t a n c e  p r o f i l e  b a s e d  on  
VIoodrow’ s s o l u t i o n  t o  F i c k ’ s second  law  i n  t h e  p r e s e n c e  o f  t h e  n e a r - s u r f a c e  
r e j e c t i v e  p o t e n t i a l  f i e l d  shown i n  f i g u r e  4 ( a ) .
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1 M-m is shown in figures 4(c),4(d). In this the diffusion coefficient 
and time and diffusion temperature corresponding to the experimental 
result of figure 2(c) were used. It will be noted that the theoretical 
result (figures 4(c),4(d)) based on Woodrow's solution is very similar to 
that experimentally obtained and shown in figure 2(c).
A third approach to the problem (published since the present
investigations were first undertaken) has been given by Hanneman and 
8,9Anthony 5 that near-surface effects in metals are a consequence of atom 
flows resulting from vacancy gradients developed in the surface region 
during the quench to room temperature at the end of the diffusion annealing. 
When a diffusion sample is heated to the annealing temperature, the vacancy 
concentration increases and adjusts to the new equilibrium value deter­
mined by such higher temperature. In addition some further fractional 
increase in vacancies occurs due to the presence of the solute impurity. 
When the temperature of the sample is returned abruptly to room tempera­
ture at the end of the annealing there is a rapid vacancy flow toward 
vacancy sinks such as the free surface of the specimen as the vacancy 
concentration readjusts to the room temperature value. We may view the 
situation from the point of view of a vacancy flow toward the surface or 
an equivalent atom flow in the opposite direction away from the surface.
All three near-surface characteristics of the types represented 
in figures 2(a),2(b),2(c) can result depending mainly on relative 
mobilities of solute and solvent atoms. In the case of self-diffusion, 
solute and solvent atoms have identical mobilities and the relative 
numbers moved out of the region by the vacancy flow must be in proportion 
to their atomic fractions so that the solute concentration remains 
unchanged and the characteristic remains linear in x2 in the surface 
region as in figure 2(c) and no anomalous near-surface effect would be 
expected in self-diffusion.
13
If the mobility of solute atoms is greater than solvent atoms 
proportionally more solute atoms than solvent atoms are moved out of the 
surface region by the inflow of vacancies, and as a result the solute 
concentration near the surface is reduced below the annealing temperature 
equilibrium value as in figure 2(c). Similarly if solute mobility is 
lower than that of the solvent, the solute concentration in the surface 
region will be enriched as in figures 2(b),2(d).
Figures 5(a),5(b) are reproduced from the work of Ilanneman and
Anthony. Figure 5(a) shows the actual profiles of solute concentration
fC, vacancy concentration C , concentration of free vacancies and con­
centration of pairs C approaching a free surface of a crystal at annealingP
temperature after a period of diffusion has occurred. And figure 5(b) 
shows the solute concentration C and vacancy concentration where near­
surface depletion occurs upon quenching for a case where the 
D (solute)/D (solvent) ratio = 5. The actual shape of the solute con­
centration profile is consistent with the requirement that surface 
depletion must be balanced by enrichment further within the specimen.
This effect is in evidence in the experimental result of Mortlock shown 
in figure 2(c).
High Diffusivity Paths
The region III in figure 1 represents penetration of solute to 
abnormally great depths into the sample and many authors have attributed 
its appearance to rapid diffusion in dislocations and grain boundaries. 
Solute diffusion rate in dislocations greatly exceeds that in the regular 
lattice and they represent paths of very fast diffusion in parallel with 
lattice diffusion paths. It has been generally accepted10 that such fast 
diffusion paths become increasingly effective with decreasing temperature
14
X ( M-m )
FIGURE 5(a). Profiles of solute concentration C, vacancy 
concentration C^ , concentration of free vacancies and concentration 
of pairs approaching a free surface of a crystal at annealing 
temperature after a period of diffusion has occurred.
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FIGURE 5(b). Profiles of solute concentration C and vacancy concentration 
where near-surface depletion occurs upon quenching to room temperature 
at the end of a diffusion annealing(Hanneman and Anthony’s theory, near­
surface effect in metals.)
and t h a t  d i f f u s i o n  p r o f i l e s  a t  low t e m p e r a t u r e  r e p r e s e n t  r e g i o n  I I I
1 6
a l o n e ,  w i t h  t h e  normal  bu lk  o r  l a t t i c e  d i f f u s i o n  r e g i o n  a b s e n t  o r  o v e r ­
shadowed by t h e  p redom inance  o f  t h e  s h o r t - c i r c u i t i n g  e f f e c t s .
Gold S e l f - D i f f u s i o n
11A r e c e n t  p a p e r  by W h i t to n  and Kidson  on g o ld  s e l f - d i f f u s i o n
a t  low t e m p e r a t u r e  p u r p o r t s  t o  p r o v i d e  a c o n f i r m a t i o n  o f  t h e  above  f o r
g o l d .  T h e i r  r e s u l t s  a r e  shown i n  f i g u r e  6 t o g e t h e r  w i t h  t h e  h i g h -
1 2t e m p e r a t u r e  r e s u l t s  o f  Makin,  Rowe and Le C l a i r e  . I t  i s  s e e n  t h a t  t h e  
l o w - t e m p e r a t u r e  r e s u l t s  exceed  t h e  v a l u e s  e x p e c t e d  by e x t r a p o l a t i o n  from 
h i g h  t e m p e r a t u r e  by a f a c t o r  o f  a bou t  8 t im e s  (mean) .  The a u t h o r s  
a t t r i b u t e  t h i s  t o  enhancement  by d i s l o c a t i o n  d i f f u s i o n .
The above  r e s u l t s  o f  W h i t to n  e t  a l .  a r e  opposed t o  t h e  more
r e c e n t  l o w - t e m p e r a t u r e  m ea s u rem e n ts ,  a l s o  shown i n  f i g u r e  6 , o f  Rupp,
1 3Ermer t  and Sizmann who found no e v id e n c e  o f  s h o r t - c i r c u i t i n g  d i f f u s i o n  
e f f e c t s .  I t  i s  s e e n  t h a t  t h e  new r e s u l t s  a r e  i n  good a g re e m e n t  w i t h  t h e  
h i g h - t e m p e r a t u r e  r e s u l t s  o f  Makin e t  a l .  ( f i g u r e  6 ) .
S i l v e r  S e l f - D i f f u s i o n
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The c o r r e s p o n d i n g  m easu rem en ts  f o r  s i l v e r  s e l f - d i f f u s i o n  a r e  
shown i n  f i g u r e  7. The l o w - t e m p e r a t u r e  r e s u l t s  o f  Vardiman and A c h t e r  
and o f  L a i  and M o r r i s o n ^  b o th  g r e a t l y  exceed  t h e  v a l u e s  e x p e c t e d  from 
e x t r a p o l a t i o n  o f  t h e  h i g h - t e m p e r a t u r e  work o f  Tomizuka and S o n d e r ^  and 
a r e  i n t e r p r e t e d  i n  t e r m s  o f  enhancement  due to  s h o r t  c i r c u i t i n g  d i f f u s i o n  
a l o n g  d i s l o c a t i o n s .
D i f f u s i o n  E q u a t i o n s
D i f f u s i o n  in  i s o t r o p i c  s u b s t a n c e s  i s  gove rned  by t h e  e q u a t i o n 17
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FIGURE 6. T e m p e ra tu re  d ep en d en ce  o f  p u b l i s h e d  h ig h  t e m p e r a t u r e  and lov7 
t e m p e r a t u r e  r e s u l t s  f o r  g o ld  s e l f - d i f f u s i o n .
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FIGURE 7. T e m p e ra tu re  dependence  o f  p u b l i s h e d  h ig h  t e m p e r a t u r e  and low 
t e m p e r a t u r e  r e s u l t s  f o r  s i l v e r  s e l f - d i f f u s i o n .
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where is the flux or quantity of material crossing unit area per unit 
time, C is the concentration, of the material and x is the penetration 
distance. The proportionality constant D is called the diffusion coef­
ficient. This equation was adopted by Fick from heat conduction theory 
and is called Pick's first law of diffusion. The negative sign appears 
because concentration increases in the direction opposite to that of x.
Fick's second law is derived from equation (4) by substitution 
of the continuity condition:
de dF
dt dx
if D is constant, this may be written
dC
dt (5)
The solution of this equation will depend on the boundary con­
ditions. If the diffusant is readily soluble and goes quickly into 
solution, appropriate boundary conditions are:
x = o,  C ^ oo , t = o
x > o ,  C = o, t = o
and the corresponding solution for equation (5) for diffusion in the 
positive x direction:
c(x>t) = ^ # T  exp(‘ ^ 0  ••• (,)
where C(x,t) is the position and time dependent concentration of the dif­
fusant, M is the total diffusant per unit area initially at x = o and
t is the annealing time.
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From (1 )
I n ( C ( x , t ) )  = - ■£“ q + c o n s t  . . . .  (6 )
Thus i n  C i s  l i n e a r  i n  t h e  s q u a r e  o f  t h e  p e n e t r a t i o n  d i s t a n c e .  I f  a d i f ­
f u s e d  s y s te m  i s  s e c t i o n e d  and t h e  m a t e r i a l  c o l l e c t e d  and t h e  c o n c e n t r a t i o n  
i n  each  s e c t i o n  d e t e r m i n e d ,  a p l o t  can  be made o f  I n  C v s .  x2 . T h i s  g i v e s  
a s t r a i g h t  l i n e  o f  s l o p e  - f rom which  D can be c a l c u l a t e d .
I f  r a d i o a c t i v e  t r a c e r  t e c h n i q u e s  a r e  used  i t  i s  o f t e n  more c o n ­
v e n i e n t  t o  m easu re  t h e  a c t i v i t y  r e m a in i n g  i n  t h e  sample a f t e r  each  
s e c t i o n  i s  removed.  T h i s  l e a d s  t o  an i n t e g r a t e d  p r o f i l e .  The a c t i v i t y  
A ( x ' )  r e m a in i n g  i n  t h e  sample  a f t e r  s e c t i o n i n g  t o  a d e p t h  x '  i s ,  
n e g l e c t i n g  t h e  p r o p o r t i o n a l i t y  c o n s t a n t :
A ( x ' )  = / C(x)  dx
J x 1
and a t  x '
A(o) C(x)  dx
so t h a t  t h e  f r a c t i o n a l  c o n c e n t r a t i o n  r e m a in i n g
F ( x ' ) A ( x 1 ) A(o)
I C(x)  dx
x *
C(x)  dx
s u b s t i t u t i n g  f o r  C(x)  f rom e q u a t i o n  (1)
F ( x ' )
4 D t dx
exp (-
x2
4 D t dx
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this becomes
substituting VTT D t for the denominator
P 00
F(x' ) = ~  / exp
putting q = “
F(x,) = i
dx
4 D t J 2Vd”T
dr)
(7)
F(x' ) = erfc T)1
i. e. F(x) = erfc 2VD (8)
slope 1
Hence plotting erfc  ^ F(x) vs. x gives a straight line of 
from which D can be calculated.2 v D t
Again rewriting equation (6)
/,n(C(x, t)) 4 D t + const
In this equation t is the annealing time and D is the constant
1 g
diffusion coefficient. It is easily shown that after successive 
diffusion runs of duration t , • ••
Jßn C(x,t) 4(D1 t, + d2 t2 +
+ const
where , . .., refer to the corresponding annealing temperatures and
times.
The gradients of the plots of ^n(C) against x2 made after each 
run in such a multiple diffusion annealing give the values of t ,
D i h  + d 2  h  • • •  •
Also if successive diffusion coefficients were found by the 
integrated profile technique, on substituting for C(x) from the above,
equation (7) becomes
22
F(X,) = iL 6XP ' 4(D! C +  D2 t2) 2 ^ 7  t / +  D“ r2
for two successive runs of duration t^t^
F(x) = erfc — 7
2VD^ t^  + t_2
and the slope of erfc  ^ F(x) vs. x is
2 t-j + D2 t~2
Aims of the Present Study
1. Near-Surface Effect To examine the near-surface concentration 
profiles for the two new systems
(a) beryllium into magnesium oxide;
(b) nickel into magnesium oxide.
2 . Low-Temperature Diffusion To investigate the reasons for the
abnormally high diffusion coefficients obtained by the several 
11 1 4 1 5workers ’ ’ for gold and silver self-diffusion at low temperatures.
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CHAPTER 2
MATERIALS AND GENERAL EQUIPMENT
Materials
Magnesium Oxide (i) Single crystal prisms 1" long by §" 
square section cut parallel to (100) plane supplied by Ventron 
Electronics Corp., Bradford, Pa.
(ii) Nickel doped magnesium oxide(850 ppm of nickel), square 
by s" long supplied by W. and C. Spicer Ltd., St. Mary's Winchcomb, 
Cheltenham, Gloucestershire, England. (Single Crystal)
Gold Single crystal cylinders 1" long by diameter, random 
orientation, 99.99% purity supplied by Materials Research Corp., New York.
SiIver Granules 99.9% purity supplied by Matthey Garrett Pty. 
Ltd., Sydney.
Mica First grade Muscovite mica clear and free from visible 
defects, supplied by Dynavac, Sydney.
Beryllium-7 Half life 53 d, y 0.48 MeV supplied by The 
Radiochemical Centre, Amersham, England, in the form of beryllium 
chloride in hydrochloric acid solution, carrier free, 2 m Ci (5 ml), 
acidity 0.11 N.
Gold-195 Half life 183 d, y 0.093 MeV. Supplied by The 
Radiochemical Centre, Amersham, England, carrier free in HC1 solution 
activity 0.2 m Ci (10 ml).
Gold-198 Half life 2.69 d, y 0.41 MeV. Supplied by 
Australian Atomic Energy Commission, Lucas Heights, carrier free as 
chlorauric acid in dil HC1 solution, activity 100 m Ci (25 ml).
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Silver-1 10 Half life 260 d, 7 0.66 MeV. Supplied by The 
Radiochemical Centre, Amersham, England, carrier free as silver nitrate 
in HNO^, activity 1 m Ci (5 ml).
Equipment
7 Counter EKCO type N664A preamplifier - lead castle combina­
tion incorporating a 13 dynode photomultiplier tube and a 2" well type 
thallium activated sodium iodide crystal. H.T. supply Interstate 
Electronic Model 304. Single channel analyser Dynatron Type 102. Scalar 
tinier EKCO type N530G. E.H.T. 750V, channel width 4V.
ß Counter ORTEC modular equipment SB detector type 025.300, 
preamplifier 109A, amplifier 485, bias supply 428, scalar 484, timer 483, 
Nim bin 401 A.
Geiger Counter (ß) G.E.C. 1" thin end window type EHM2S
-2(window weight 2.3 mg cm ) with EKCO lead castle and EKCO type N530G 
scalar-timer-H.T. supply.
Furnaces A.D.A.M.E.L. platinum rhodium wound resistance fur­
naces controlled mechanically by the expansion of a ceramic covered con­
trol rod held adjacent to the ceramic former carrying the heater coil.
Annealing and Temperature Measurement
Magnesium oxide and gold samples were annealed in atmosphere in 
1" diameter ceramic tubes. Silver samples were annealed in hydrogen in 
11" diameter silica glass tubes. Temperature measurements were made with 
calibrated Pt - Pt 10% Rh thermocouples held closely adjacent to samples. 
Sunvic CJI electric cold junctions were used and millivolt readings were 
taken on Leeds and Northrup potentiometer (catalogue No. 7553-5). A
25
continuous record of temperature was kept using a multichannel recorder, 
Leeds and Northrup speedomax W.
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PART I
NEAR-SURFACE EFFECT
CHAPTER 3 
EXPERIMENTAL
Diffusion of Beryllium into Magnesium Oxide (Plane Source)
Specimen Preparation The magnesium oxide single crystals 
I" X I" X 1" were cut into four pieces about X X 3/16" by ultra­
sonic grinding or by cleaving, and prepared flat on one face by first 
grinding in water with wet and dry carborundum paper (600 grit) backed by 
plate glass and polished with diamond pastes in lapping oil on plate 
glass. A final polish with pm grit diamond paste, used in this way, 
produced the desired highly polished face, free from fine scratches as 
examined at four hundred times magnification on the Vickers projection 
microscope.
The as-supplied ^Be solution was applied from a micro-syringe 
and distributed in small droplets over the prepared MgO surface held at 
100 °C on a hot plate. About ten times the required total count rate was 
applied to the crystal to allow for evaporation loss during annealing at 
1204 °C. Samples were diffusion annealed in pairs held face to face with 
platinum wire to minimize evaporation loss. All samples were annealed at 
1204 °C for 5.1 and 10^ sec. One sample (sample (c)) was removed from the 
furnace after half the annealing time had elapsed for surface repolish­
ing with pm diamond paste in order to test the influence on measured 
near-surface profiles, of the etching caused by the hydrochloric acid
27
from the tracer solution and of residual tracer adhering to the surface.
In this operation a total thickness of 1 pm was polished away and the sam­
ple was subsequently returned to the furnace and the annealing completed.
Magnesium Oxide Sectioning Specimens were manually lapped 
using pm diamond paste in lapping oil on a piece of plate glass about 
1" square. A standard lapping procedure was followed for all sections 
within about 1 pm of the surface and the activity collected by first 
wiping and then washing the grindings from the plate glass and crystal 
into a small "well" counting bottle. Section thicknesses were calculated 
from specimen weight change from weighings on a Mettler H20 balance and 
converting to an equivalent mean thickness of material removed. Prior to 
sectioning all trace of radioactive material was removed from the back 
and sides of the crystal by grinding with carborundum. This enabled the 
crystal to be finally sectioned right out and the bulk diffusion coef­
ficient determined by counting the residual activity remaining in the 
crystal after each section.
The MgO(Ni) Crystal
Specimen Preparation The crystal was polished flat on one face
using £ pm diamond paste as explained above and irradiated for 1 week at
11 -2 -110 n cm sec by the Australian Atomic Energy Commission at Lucas
63Heights in an attempt to activate the Ni.
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CHAPTER 4 
RESULTS
D i f f u s i o n  o f  B e r y l l i u m  i n t o  Magnesium Oxide
The r e s u l t s  o f  t h r e e  d i f f u s i o n  a n n e a l i n g s  a r e  r e p o r t e d  - r u n  1 ,2  
s a m p le s ;  ru n  2 sam ples  a , b ;  and ru n  3 sample c .  (The o t h e r  sample from 
ru n  3 was n o t  s e c t i o n e d . )
( i )  The p e n e t r a t i o n  p r o f i l e s  f o r  t h e  two samples  f rom ru n  1 , s e c ­
t i o n e d  r i g h t  o u t ,  were  i d e n t i c a l  and one o f  t h e s e  i s  r e p r o d u c e d  i n  
f i g u r e  8. The s l o p e s  o f  t h e  two p a r t s  o f  t h e  g raph  c o r r e s p o n d  t o  D 
v a l u e s  o f  3 . 3  X 10  ^ c n /  sec   ^ and 1 .5  X 10 ^  cm^ sec   ^ (T = 1204 °C, 
t  = 5.1 X 105 s e c ) .
( i i )  F i g u r e s  9 ( a ) , 9 ( b )  show t h e  p e n e t r a t i o n  p r o f i l e s  o b t a i n e d  from 
v e r y  c a r e f u l l y  s e c t i o n i n g  sam ples  a , b  ( r u n  2) i n  t h e  n e a r - s u r f a c e  r e g i o n  
e x t e n d i n g  t o  a d e p th  o f  a b o u t  1 pm from t h e  s u r f a c e .
( i i i )  Sample c ( r u n  3) - t h e  " r e p o l i s h e d  and r e h e a t e d ' s a m p l e  was 
a l s o  v e r y  c a r e f u l l y  s e c t i o n e d  i n  t h e  n e a r - s u r f a c e  r e g i o n  and t h e  
p e n e t r a t i o n  p r o f i l e  i s  shown i n  f i g u r e  9 ( c ) .
The MgO(Ni) C r y s t a l
The n e u t r o n  i r r a d i a t e d  MgO(Ni) c r y s t a l  was t e s t e d  f o r  ß and y
63r a d i a t i o n s .  The s o f t  ß 0 .067  MeV from Ni c o u ld  no t  be d e t e c t e d  bu t  was 
masked by ß p a r t i c l e s  o f  e n e rg y  0 .3 5  MeV and 1.1 MeV and a number o f  y 
e n e r g i e s .  The m easured  y s p e c t r u m  i s  shown i n  f i g u r e  10 and t h e  ß 
a b s o r p t i o n  c u r v e  i n  f i g u r e  1 1. The ß a b s o r p t i o n  c u r v e  shown was o b t a i n e d  
u s i n g  t h e  G e ige r  c o u n t e r .  A s i m i l a r  r e s u l t  was found u s i n g  t h e  s u r f a c e  
b a r r i e r  d e t e c t o r  b u t  was o b s c u r e d  by a much h i g h e r  background  c o u n t - r a t e  
am oun t in g  to  a bou t  1 0 j0 o f  maximum c o u n t - r a t e .
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Using  t h e  F e a t h e r  e q u a t i o n  t h e  two r a n g e s  32 mg cm and 
-2
450 mg cm c o r r e s p o n d  t o  e n e r g i e s  o f  a b o u t  0 .3 5  MeV and 1.1 MeV 
r e s p e c t i v e l y .  R a d i a t i o n s  from t h e  c r y s t a l  a r e  summarized i n  t h e  f o l l o w i n g  
t a b l e .
T a b l e  1
ß MeV 0 .3 5  1.1
7 MeV 0 .0 5 0 .13  0.21 0 .3 5  0 .5 0  0 .78 0 .9 0 1 .13
“ f f  100 d 150 d h a l f - l i f e 40 d 40 d 50 d 50 d
I m p u r i t i e s  p r e s e n t  i n t h e  MgO(Ni) c r y s t a l  were  n o t known.
However a f u r t h e r  two MgO c r y s t a l s  ( s a m p le s  A,B) o f  known i m p u r i t i e s  and
a v a i l a b l e  i n  t h e  l a b o r a t o r y  were  a l s o  i r r a d i a t e d  f o r  1 week a t  
11 -2 -110 n cm sec  and t e s t e d  f o r  ß and 7 r a d i a t i o n s  f o r  co m p a r i s o n .  The 
1 .1 MeV ß was n o t  found i n  t h e  two new samples  and t h e  7 peak a t  0 .4 9  MeV 
was g r e a t l y  r e d u c e d  i n  a m p l i t u d e  and was o n l y  f a i n t l y  p r e s e n t .  The 
r e m a i n i n g  r a d i a t i o n s  w ere  p r e s e n t  i n  a b o u t  t h e  same r e l a t i v e  i n t e n s i t y .  
I m p u r i t i e s  p r e s e n t  i n  t h e  s am ples  A,B a r e  g i v e n  i n  t a b l e  2. Sample A was 
s u p p l i e d  by M o n o c r y s t a l s ,  C l e v e l a n d ,  Ohio,  U . S . A . , i n  t h e  form o f  r i g h t  
c y l i n d e r s  d i a m e t e r  by i n  l e n g t h .  Sample B was s u p p l i e d  by V e n t ron  
E l e c t r o n i c s  C o r p . , B r a d f o r d ,  Pa.  ( a s  u sed  above f o r  b e r y l l i u m  d i f f u s i o n ) .
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FIGURE 8. Penetration profile for diffusion of beryllium into 
magnesium oxide.
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(sam ple  ( c ) )
(PENETRATION DISTANCE) (um
FIGURE 9. N e a r - s u r f a c e  p r o f i l e s  f o r  d i f f u s i o n  o f  b e r y l l i u m  i n t o  
m agnesium o x id e .  The s u p p l i e d  a c i d i c  t r a c e r  s o l u t i o n  was a p p l i e d  d r o p w is e  
on to  h i g h l y  p o l i s h e d  s u r f a c e s  a t  100°C on a h o t  p l a t e .  Sam ples ( a ) ,  (b) 
w e re  th e n  d i f f u s i o n  a n n e a le d  and s e c t i o n e d .  The a n n e a l in g  o f  sam p le  (c )  was 
i n t e r r u p t e d  f o r  one h o u r  a t  t h e  mid p o i n t  and t h e  sam ple  s u r f a c e  was 
r e p o l i s h e d  to  a  d e p th  o f  1 ym t o  remove t h e  e t c h  p a t t e r n  ( r e s u l t i n g  from  t h e  
HC1) and r e s i d u a l  t r a c e r  m a t e r i a l  from  t h e  s u r f a c e .  S u b s e q u e n t ly  t h e  sam ple  
was r e t u r n e d  t o  t h e  f u r n a c e  and t h e  a n n e a l in g  c o m p le te d .
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Sm all
Range S c a le  
^ V a lu e s
ALUMINIUM ABSORBER
FIGURE 11. (1) 3 a b s o r p t i o n  c u rv e  from  t h e  n i c k e l  doped MgO c r y s t a l
i r r a d i a t e d  f o r i  week a t  1.0 n cm s e c  . (2) A f t e r  s u b s t r a c t i o n  o f  t h e
Y b a c k g ro u n d .  The ra n g e  450 mg cm 2 c o r r e s p o n d s  t o  a  3 e n e rg y  o f  1 .1  MeV. 
(3) Lower e n e rg y  3 a b s o r p t i o n  c u rv e  a f t e r  s u b s t r a c t i o n  o f  t h e  y  b a c k g ro u n d  
and h i g h e r  en e rg y  3 com ponent. The r a n g e  32 mg cm 2 c o r r e s p o n d s  t o  a 3 
e n e rg y  o f  0 .3 5  MeV. The 0 .0 6 3  MeV 3 from  6 3Ni was n o t  d e t e c t e d .
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
D i f f u s i o n  o f  B e r y l l i u m  i n t o  Magnesium Oxide
The measured  n e a r - s u r f a c e  c o n c e n t r a t i o n  v s .  p e n e t r a t i o n  d i s ­
t a n c e  p r o f i l e  f o r  d i f f u s i o n  o f  b e r y l l i u m  i n t o  magnesium o x i d e  shown i n  
f i g u r e  9 ( c )  r e s e m b le s  t h a t  found by M o r t l o c k  f o r  d i f f u s i o n  o f  c o b a l t  i n t o  
g o l d  and by S t y r i s  and Tomizuka f o r  d i f f u s i o n  o f  z i n c  i n t o  c o p p e r ,  
f i g u r e s  2 ( b ) , 2 ( d ) .  S i m i l a r  r e s u l t s  a r e  a l s o  i n  e v i d e n c e  i n  t h e  m easu red  
p r o f i l e s  shown i n  f i g u r e s  9 ( a ) , 9 ( b ) ,  b u t  a r e  o b s c u r e d  t h e r e  by t h e  
a p p e a r a n c e  o f  a h i g h  c o n c e n t r a t i o n  peak a p p a r e n t l y  a t  a d e p t h  o f  a b o u t  
0 . 3 - 0 . 4  pm w i t h i n  t h e  m a t e r i a l .  The peak  may a r i s e  f rom t h e  u s e  o f  t h e  
a c i d i c  t r a c e r  s o l u t i o n  a p p l i e d  d i r e c t l y  t o  t h e  p o l i s h e d  spec im en  s u r f a c e .  
The s u r f a c e  e t c h i n g  p roduced  by t h e  h y d r o c h l o r i c  a c i d  from t h e  t r a c e r  
s o l u t i o n  was examined c l o s e l y  a f t e r  each  s e c t i o n i n g  o p e r a t i o n  and i n  
sample  ( a )  f i g u r e  9 ( a )  i t  was p o l i s h e d  o u t  a t  t h e  peak a t  0 .2 8  pm. The
sample  (b)  f i g u r e  9 ( b )  was s e c t i o n e d  i n  an  i d e n t i c a l l y  s i m i l a r  way t o
sample  ( a )  and an a t t e m p t  was made t o  r e p e a t  p o i n t  f o r  p o i n t  t h e  r e s u l t
o b t a i n e d  f o r  sample  ( a ) .  Again  t h e  e t c h  p a t t e r n  fad e d  a t  t h e  f o u r t h  
s e c t i o n i n g ,  c o r r e s p o n d i n g  a g a i n  w i t h  t h e  h ig h  c o n c e n t r a t i o n  peak b u t  a t  
0 .4 5  pm r a t h e r  t h a n  0 .2 8  pm as  d e t e r m i n e d  from w e i g h t  l o s s .  The h y d r o ­
c h l o r i c  a c i d  e t c h e s  t o  a d e p t h  o f  0 . 3 - 0 . 4  pm and t h e  h i g h  a c t i v i t y  peak 
p r e s e n t  i n  f i g u r e s  9 ( a )  and 9 (b )  may be due t o  a c t i v e  r e s i d u e  t r a p p e d  i n  
such  e t c h e d  d e p r e s s i o n s  and p i c k e d  up by t h e  diamond p a s t e  as  t h e  sample  
i s  s e c t i o n e d  th ro u g h  t h a t  d e p t h .  The v a r i e d  p r o c e d u r e  f o r  sample  ( c )  was 
f o l l o w e d  t o  t e s t  t h i s  and t h e  r e s u l t  o f  f i g u r e  9 ( c )  o b t a i n e d .  I n  t h i s  
t h e  spec im en  was t a k e n  from t h e  f u r n a c e  f o r  a b o u t  1 hour  a t  t h e  mid p o i n t  
o f  t h e  d i f f u s i o n  a n n e a l i n g  and was r e p o l i s h e d  t o  remove t h e  e t c h  p a t t e r n
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and t r a p p e d  a c t i v e  r e s i d u e  from t h e  s u r f a c e .  S u b s e q u e n t l y  t h e  sample  was 
r e t u r n e d  t o  t h e  f u r n a c e  and t h e  a n n e a l i n g  c om ple te d  and t h e  c o n c e n t r a t i o n  
v s .  p e n e t r a t i o n  d i s t a n c e  p r o f i l e  d e t e r m i n e d .  The p r o c e d u r e  i s  e q u i v a l e n t  
t o  d o in g  t h e  experiment ,  by use  o f  a s o l i d  s o l u t i o n .  The t e c h n i q u e  o f  
p r o d u c i n g  t h e  s o l i d  s o l u t i o n  by d i f f u s i n g  i n  a h ig h  c o n c e n t r a t i o n  o f  
a c t i v e  t r a c e r  s o l u t e  ove rcomes an  o b s t a c l e  e n c o u n t e r e d  i n  a t t e m p t i n g  t o  
a c t i v a t e  t h e  s o l u t e  i n  t h e  MgO(Ni) c r y s t a l  where o t h e r  i m p u r i t i e s  o f  h ig h  
c o n c e n t r a t i o n  and c r o s s - s e c t i o n  were  a c t i v a t e d  a l s o .
A h i g h  c o n c e n t r a t i o n  o f  t r a c e r  m a t e r i a l  i s  d e s i r a b l e  f o r  good 
c o ü n t i n g  s t a t i s t i c s  f o r  a n e a r - s u r f a c e  e x p e r im e n t  b e c a u s e  i t  i s  n e c e s s a r y  
t o  c o l l e c t  and coun t  t h e  m a t e r i a l  f rom i n d i v i d u a l  s e c t i o n s .  A s e c t i o n  
t h i c k n e s s  o f  0 .07 pm p r o d u c e s  no a p p r e c i a b l e  change  i n  t h e  a c t i v i t y  
r e m a i n i n g  i n  t h e  c r y s t a l  f o r  a d i f f u s i o n  d e p th  o f  50 pm and a l l  a t t e m p t s  
t o  d e t e r m i n e  t h e  n e a r - s u r f a c e  p r o f i l e  by t h e  i n t e g r a l  a c t i v i t y  method 
f a i l e d .  A s e c t i o n  t h i c k n e s s  o f  ( t y p i c a l l y )  0 .07  pm r e p r e s e n t s  a mass 
c hange  o f  40 Pg.  The l e a s t  c o u n t  o f  t h e  b a l a n c e  used  was 10 pg c o r r e s ­
pond ing  t o  a l i m i t  o f  r e a d i n g  o f  5 pg .  A ccu racy  was improved  by t a k i n g  
t h e  mean o f  a bou t  35 i n d e p e n d e n t  w e i g h in g s  a f t e r  each s e c t i o n i n g  o p e r a t i o n ,  
made ove r  a p e r i o d  o f  1 hour s  and c a l c u l a t i n g  t h e  mean t o  t h e  n e a r e s t  
m ic ro -g ram .
The MgO(Ni) System
No m easurem en ts  o f  n e a r - s u r f a c e  p r o f i l e s  o r  d i f f u s i o n  c o e f ­
f i c i e n t s  c o u ld  be made on t h e  MgO(Ni) spec im en  u s i n g  t h e  t e c h n i q u e
1 1 -2p r o p o s e d .  I t  was e s t i m a t e d  t h a t  i r r a d i a t i o n  by n e u t r o n s  (10  n cm
“ 1 63s e c  ) f o r  s e v e r a l  months would be r e q u i r e d  to  p roduce  s u f f i c i e n t  Ni t o
make u s e f u l  c o u n t i n g  p o s s i b l e .  A f t e r  a t e s t  i r r a d i a t i o n  o f  1 week o n l y ,
and t h e  a c t i v a t i o n  o f  t h e  many o t h e r  i m p u r i t i e s  p r e s e n t  i t  was r e a l i s e d
t h a t  m easu rem en ts  c o u ld  n o t  be made as  i n t e n d e d .  I n  t a b l e  3 i s  shown t h e
37
Table 3. ß and 7 Radiations from the MgO(Ni) Crystal, 
with Impurity Radiations for Comparison
MgO(Ni) Impurities
7
(MeV) (day)
46Sc 59,Fe 65Zn 131 Ba 133,Ba 140 51Ba Cr 47Ca
0. 05 _ - - 0.06 0. 03 - _
0.13 - - - 0.12 - 0.13 0.15
0.21 - 0.19 - 0.22 - - 0.23
0.35 40 " - - 0.37 0.36 0.30 0.32 -
0. 50 40 - - ß+ 0.50 - 0.54 0.5
- - - 0.62 - - -
0.78 " - - - - - -
0. 90 50 0.89 - - - - - -
1.13 50 1 .12 1.10 1.11 1.03 - - 1.3
ß
(MeV)
0.35 90 0.36 0.46 0.33 - - 0.48 0.46
1 .1 130 - - 1.11 - - 1.0 1.4
 ^A
(day) -- 84 45 245 13 10
(yr)
13 28 4.8
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r a d i a t i o n s  p r e s e n t  and e s t i m a t e d  h a l f  l i v e s  and t h e  r a d i a t i o n s  e x p e c t e d
from t h e  p o s s i b l e  i m p u r i t i e s  ( t a b l e  2 ) .  The 1.1 MeV ß may a r i s e  f rom 
65 Zn. The f i r s t  two columns o f  t a b l e  3 show t h e  y and ß r a d i a t i o n s  
p r e s e n t  i n  t h e  i r r a d i a t e d  MgO(Ni) c r y s t a l  and t h e  e s t i m a t e d  h a l f  l i v e s ,  
t h e  r e m a i n d e r  o f  t h e  t a b l e  shows e i g h t  p o s s i b l e  i m p u r i t i e s ,  t h e i r  h a l f  
l i v e s  and e x p e c t e d  y and ß p a r t i c l e  e n e r g i e s .
C o n e l u s i o n s
1 . A s m a l l  n e a r - s u r f a c e  e f f e c t  has  been  found f o r  d i f f u s i o n  o f  
b e r y l l i u m  i n t o  magnesium o x i d e  a t  1204 °C o f  t h e  t y p e  c h a r a c t e r i z e d  by an 
a b n o r m a l l y  h i g h  c o n c e n t r a t i o n  a t  t h e  s u r f a c e .  I t  i s  c o n s i d e r e d  t h a t  
f i g u r e  9 ( c )  r e p r e s e n t s  such  a r e a l  n e a r - s u r f a c e  e f f e c t  and t h a t  t h e  h i g h  
c o n c e n t r a t i o n  peaks  o f  f i g u r e s  9 ( a ) , 9 ( b )  d e r i v e  from sample  s u r f a c e  c o n ­
t a m i n a t i o n .  The r e a l  n e a r - s u r f a c e  e f f e c t  shown i n  f i g u r e  9 ( c )  i s  a l s o  i n  
e v i d e n c e ,  however ,  i n  f i g u r e s  9 ( a ) , 9 ( b ) .  The d i f f e r e n c e  i n  shape  be tw een  
f i g u r e s  9 ( a ) , 9 ( b )  p r o b a b l y  r e f l e c t s  t h e  d e g r e e  o f  e r r o r  i n v o l v e d  i n  our  
measurement  o f  p e n e t r a t i o n  d i s t a n c e  by v e r y  s m a l l  mass change.
2.  The r e s u l t s  d e m o n s t r a t e  t h a t  t h e  NSE f o r  d i f f u s i o n  o f  Be i n t o  
MgO r e a p p e a r s  on r e h e a t i n g  a p a r t l y  s e c t i o n e d ,  d i f f u s e d ,  p l a n e - s o u r c e  
s am p le .  I f  we assume t h a t  a f a c t o r  o f  2 i n  t h e  d i f f u s i o n  a n n e a l i n g  t im e  
h a s  l i t t l e  b e a r i n g  on t h e  n a t u r e  o f  t h e  o b s e r v e d  e f f e c t ,  t h e n  i n  t h e  
r e p o l i s h i n g  o f  sample ( c )  ( f i g u r e  9) a t  t h e  mid p o i n t  o f  t h e  d i f f u s i o n  
a n n e a l i n g  t i m e ,  a l l  n e a r - s u r f a c e  m a t e r i a l  where  t h e  c h a r a c t e r i s t i c  was o f  
t h e  i r r e g u l a r  form shown i n  f i g u r e s  9 ( a ) , 9 ( b )  was c u t  away l e a v i n g  a 
s t r a i g h t  c h a r a c t e r i s t i c  e x t e n d i n g  r i g h t  up t o  t h e  new s u r f a c e  a t  t h a t  
s t a g e .  The NSE o f  f i g u r e  9 ( c )  has  r e a p p e a r e d  due t o  f u r t h e r  a n n e a l i n g  o f  
t h e  sample .
3.  The r e a p p e a r a n c e  o f  t h e  NSE on c o n t i n u i n g  t h e  d i f f u s i o n  a n n e a l ­
i n g  as  unde r  2 above may throw doub t  on t h e  r e l e v a n c e  i n  t h i s  c a s e ,  t o
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NSE, o f  s o l u t e  o x i d e  d i f f u s i o n  a t  t h e  s u r f a c e  and o f  n e a r - s u r f a c e  f o r c e s  
f rom G i b b ' s  a d s o r p t i o n .  S e g r e g a t i o n  o f  s o l u t e  t o  t h e  s u r f a c e  d u r i n g  t h e  
quench t o  room t e m p e r a t u r e  i s  t h e  more l i k e l y  e x p l a n a t i o n .  However 
f u r t h e r  i n v e s t i g a t i o n  i s  needed  h e r e ,  e . g .  how much a d d i t i o n a l  a n n e a l i n g  
( t i m e )  i s  r e q u i r e d  f o r  r e - e s t a b l i s h i n g  t h e  n e a r - s u r f a c e  c o n c e n t r a t i o n  
p r o f i l e ?  The e f f e c t  o f  t e m p e r a t u r e  a l s o  was no t  d e t e r m i n e d  and t h e  
r e s u l t  i s  t h e r e f o r e  i n c o n c l u s i v e .
4. Ni i n  MgO sys tem .  An a t t e m p t  has  been  made t o  m easu re  n e a r ­
s u r f a c e  c o n c e n t r a t i o n  vs .  p e n e t r a t i o n  d i s t a n c e  p r o f i l e s  u s i n g  a  s o l i d
s o l u t i o n  o f  850 ppm o f  Ni i n  MgO w i t h  t h e  i n t e n t i o n  o f  a c t i v a t i n g  t h e  
6 3 Ni by n e u t r o n  i r r a d i a t i o n  and u s i n g  r a d i o a c t i v e  t r a c e r  t e c h n i q u e s  t o  
f o l l o w  i t s  r e d i s t r i b u t i o n  on h e a t i n g .  The a t t e m p t  was u n s u c c e s s f u l  f o r  
t h e  r e a s o n s  s e t  ou t  below.
6 3( a )  Long i r r a d i a t i o n  t im e  r e q u i r e d  t o  a c t i v a t e  t h e  ' N i .  N i c k e l - 6 2
r e p r e s e n t s  on ly  3 .7 <J0 o f  n a t u r a l  n i c k e l  so t h a t  t h e  u s e f u l  c o n c e n t r a t i o n
o f  n i c k e l  i n  t h e  c r y s t a l  was v e r y  s m a l l .  T h i s ,  combined w i t h  t h e  long  
6 3h a l f - l i f e  o f  Ni n e c e s s i t a t e d  an i r r a d i a t i o n  t im e  o f  s e v e r a l  months a t
i n i i  -2 - lI Ü n cm sec
(b )  High e n e rg y  ß and y r a d i a t i o n s  o f  h i g h  i n t e n s i t y  f rom a c t i v a t i o n  
o f  unwanted i m p u r i t i e s  t h w a r t e d  a t t e m p t s  t o  i d e n t i f y  t h e  s o f t  ß component  
f rom ^ N i .
( c )  E f f e c t  o f  i r r a d i a t i o n  damage p ose s  a new p rob lem  i n  i n t e r p r e t a ­
t i o n  o f  r e s u l t s .
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PART II
LOW-TEMPERATURE DIFFUSION
CHAPTER 6 
EXPERIMENTAL
Gold Self-Diffusion at Low Temperature
El.ext.ropolishing The general procedure is to make the metal 
specimen to be electropolished the anode in an electrolytic cell with 
just the small area to be electropolished exposed to the electrolyte, the 
remainder of the specimen being masked. The experimental conditions are 
adjusted to effect preferential attack of the high points of the surface 
and the surface is levelled and brightened. The levelling action results 
from the formation on the metal surface of a viscous layer of dissolution 
products of higher resistivity than the rest of the electrolyte. As 
illustrated in figure 12(a) this layer is thinner above the peaks, than 
above the depressions and as a result the current density to the peaks is 
higher and they are reduced at a faster rate and the surface is levelled. 
At the same time a relatively thin solid film is also formed at the 
surface and has a similar action to the thicker film but on a microscopic 
scale and produces brightening.
The nature of the anodic reaction is determined by the type of 
electrolyte, current density, temperature?stirring rate etc. The basic 
form of the cell current-anode potential curve is shown in figure 12(b). 
The thin film is formed at A and the thicker viscous layer is formed at C. 
Over the region AB the specimen is etched and over CD, the electropolish­
ing plateau, the specimen is polished. Over the region DE the specimen
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ELECTROLYTE" •
THICK
VISCOUS
LAYER
, METAL 
/  /  /  /
THIN SOLID 
FILM
C /  D
ANODE POTENTIAL
FIGURE 12. (a) Protective anodic layers at the metal-electrolyte
interface during the electropolishing of a metal anode. The thick 
viscous layer of reaction products leads to preferential attack of the 
high points of the anode surface where the layer is thinner, and 
produces levelling. The thin solid film has a similar action on a 
microscopic scale and produces brightening.
(b) General form of the curve of cell current as a 
function of anode potential. The thin solid film is formed at A and 
the thick viscous layer is formed at C. D indicates optimum polishing 
conditions where the cell resistance is maximum.
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i s  a l s o  p o l i s h e d  bu t  gas  e v o l u t i o n  d i s r u p t s  t h e  s u r f a c e  f i l m  and t h e  
p o l i s h e d  s u r f a c e  becomes p i t t e d .  P o i n t  D r e p r e s e n t s  t h e  opt imum p o l i s h ­
i n g  c o n d i t i o n s  where  t h e  c e l l  r e s i s t a n c e  i s  h i g h e s t ,  i n d i c a t i n g  t h e  
f o r m a t i o n  o f  a n o d ic  l a y e r s  o f  maximum t h i c k n e s s .  A f i r s t  s t e p  i s  t h e r e ­
f o r e  t o  p l o t  t h e  c h a r a c t e r i s t i c  shown i n  f i g u r e  12(b)  t o  d e t e r m i n e  t h e  
p o i n t  D.
T a b l e s  4 , 5  a r e  l i s t s  f rom t h e  l i t e r a t u r e  o f  s u g g e s t e d  e l e c t r o ­
l y t e s  and p o l i s h i n g  c o n d i t i o n s  f o r  g o ld  and t h e  c h a r a c t e r i s t i c s  f o r  two
19 2 0o f  t h e s e  s o l u t i o n s  ’ a r e  shown i n  f i g u r e  13. The c u r v e  c o r r e s p o n d i n g  
t o  e l e c t r o l y t e  6 i s  t y p i c a l  o f  r e s u l t s  o b t a i n e d  i n  p r a c t i c e  f o r  a l l  go ld  
e l e c t r o p o l i s h i n g  s o l u t i o n s ,  n o t  a l l  o f  t h e  f e a t u r e s  o f  f i g u r e  12 (b )  a r e  
s e e n  and t h e  p o l i s h i n g  p l a t e a u  i s  q u i t e  i n d i s t i n c t  and may be c o m p l e t e l y  
a b s e n t .
E x p e r i m e n t a l l y  i t  i s  found t h a t  w i t h  a l l  t h e  above e l e c t r o l y t e s  
e v o l u t i o n  o f  oxygen b e g i n s  n o t i c e a b l y  a t  t h e  p o i n t  P and w orsens  as  t h e  
v o l t a g e  i s  r a i s e d  and i s  a p rob lem  under  a l l  c o n d i t i o n s  s u i t a b l e  f o r  
p o l i s h i n g  and p r o d u c e s  p i t t i n g  o f  t h e  p o l i s h e d  s u r f a c e .  P i t t i n g  may be 
r e d u c e d  i f  s t e p s  a r e  t a k e n  t o  remove b u b b l e s  soon  a f t e r  t h e y  a r e  formed 
though  o b s e r v a t i o n  shows t h a t  b u b b l e s  t e n d  t o  r e f o r m  and c o n t i n u a l l y  r u p ­
t u r e  t h e  s u r f a c e  f i l m s  a t  t h e  same p o i n t s .  I n  t h i s  r e s p e c t  i t  i s  a d v a n ­
t a g e o u s  t o  mount t h e  s u r f a c e  t o  be p o l i s h e d  v e r t i c a l  i n  t h e  e l e c t r o l y t e  
s i n c e  b u b b l e s  a d h e r e  l e s s  t o  such  s u r f a c e s .  Some m o d e r a t e ,  n o n - t u r b u l e n t  
s t i r r i n g  o f  t h e  e l e c t r o l y t e  o r  a g i t a t i o n  o f  t h e  anode i n  t h e  e l e c t r o l y t e  
h e l p s  t o  sweep b u b b l e s  f rom t h e  s u r f a c e  as t h e y  a p p e a r  and r e d u c e s  
p i t t i n g .
Numerous t e s t s  were  made w i t h  t h e  e l e c t r o l y t e s  and work ing  c o n ­
d i t i o n s  o f  t a b l e s  4 , 5  and b e s t  r e s u l t s  were  o b t a i n e d  w i t h  e l e c t r o l y t e s  5
and 6. I t  i s  t o  be n o t e d  t h a t  t h e  f i r s t  6 s o l u t i o n s  r e s e m b le  t h e  
27o r i g i n a l  and a r e  b a s i c a l l y  s i m i l a r .  The f i r s t  5 s o l u t i o n s  a r e  a l l
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SOLUTION
( BACK1SH a  ROBERTSON )
(  SOLUTION 6»
( r u f f , e r m e r t  a
SITZ MANN }
CELL POTENTIAL ( VOLTS)
FIGURE 13. Curves  ( f rom  t h e  l i t e r a t u r e )  o f  anode  c u r r e n t  d e n s i t y  v s .  
c e l l  p o t e n t i a l  f o r  e l e c t r o p o l i s h i n g  o f  g o l d .  For  d e t a i l s  o f  
e l e c t r o l y t e s  and p o l i s h i n g  c o n d i t i o n s  s e e  t a b l e s  4 , 5 .
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unstable and decompose after about 10 minutes due to the large amount of 
phosphoric acid used and behave similarly in operation. The different 
operating conditions suggested for these 5 solutions are consistent with 
the general comment that the solutions are erratic in operation. Elec­
trolyte 6 due to Rupp et al. using a considerably reduced amount of phos­
phoric acid is stable and may be used for some hours. Tests show however 
that even with electrolyte 6, a fresh solution should always be mixed for 
best results. Solution 7 is also stable but did not produce a desirable 
result when used as specified.
Gold Specimen Preparation The gold crystal 1" long by
diameter was cut into two pieces about long by diameter by spark
erosion and all surfaces spark planed at low spark energies finishing on
lowest spark energy. The spark planed crystal was embedded in metalo-
graphic mounting plastic leaving one end face exposed as shown in
figure 14. Figure 14(a) shows the crystal prepared for mounting. In
this a light smear of vacuum grease was used as a parting agent on the
plate glass surface and the threaded rod. The mount was poured full of
plastic and allowed to cure for 20 minutes. The threaded rod was screwed
out and the threaded brass contact pin screwed in and insulated with
2 6"Lacomit" lacquer as in figure 14(b). The exposed end face of each 
sample was then further prepared for diffusion by cutting back at least
200 pm by anodizing in concentrated sulphuric acid for two hours at
-21 ampere cm , or by electropolishing and finally the surface was electro-
polished as detailed below. Crystal structural damage by spark erosion 
1 3has been detected at depths up to 180 pm below the surface. Evidence 
that the damage in the first 20 pm is quite severe is seen in figure 15 
which shows the diameter end face (12 X magnification) of a gold 
crystal after spark planing (finishing on lowest spark energy) and cutting 
back 1 5 pm by electropolishing. The curvature of the lines (2-|"-3" radius)
47
BAKELITE MOULD THREADED ROD
( 2  Whit)
GOLD CRYSTALPLATE GLASS
MOUNTING PLASTIC LACOMIT
LACQUER
BRASS CONTACT
SCREW
(b)
FIGURE 14. ( a )  Mounting o f  c y l i n d r i c a l . ,  go ld  s i n g l e  c r y s t a l  f o r
e l e c t r o p o l i s h i n g  o f  one end f a c e  o n l y .  (b)  Mounted go ld  c r y s t a l .
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FIGURE 15. End face (12 X magnification) of a gold single crystal 
spark planed at low spark energies and electropolished to a depth of 
15 Pm. The markings,which corresponded to the circular motion of 
the spark planing disc over the surface faded when electropolishing 
was continued to a depth of 20 pm.
49
corresponds to the circular motion of the brass planing disc over the 
crystal surface. The pattern was not in evidence on the sample as spark 
planed but was revealed by electropolishing. It faded when electro­
polishing was continued to a depth of 20 pm.
Radioactive gold tracer as gold-198 or gold-195 was deposited 
on about half of the electropolished end face of the crystal in a ring 
shaped area either by "eye dropping" at close range the as-supplied 
active solution on the face kept at 100 °C on a hot plate or by masking 
with "Lacomit" lacquer and electroplating,and the samples were diffusion 
annealed in silicon tubes in atmosphere.
Two electropolishing techniques were used for sample surface 
preparation.
(a) Samples 5-12, table 8, page 77. The techniques due to Seeger, 
electrolyte 6, tables 4,5 were used. As noted earlier the electrolyte 
used is unstable due to the proportion of phosphoric acid required and 
decomposes noticeably after about 10 minutes. The phosphoric acid was 
therefore added last while the solution was near the operating temperature 
to allow for the maximum useful life. The ingredients potassium cyanide, 
potassium ferrocyanide, potassium sodium tartrate were dissolved in turn
in 500 ml of warm water (half quantities) and the solution heated to 
62 C. The 2 ml of ammonia and 10 ml of phosphoric acid were then added 
in turn to the stirred solution. The addition of the acid produced a 
rise in temperature of 6 °C to 68 °C and the polishing operation was 
started at once using the fresh solution. Samples were polished for 2 
minutes at 2 amperes cm  ^ at 68 °C. A photomicrograph of the surface 
produced resembles figure 18(h).
(b) Samples 13-30, table 9, page 78. The electropolishing tech­
nique due to Rupp et al., electrolyte 7, tables 4,5 was used. As
50
illustrated in figure 16 the crystal surface was held in a vertical plane 
3 cm from the stainless steel cathode (6 cm X 3 cm). Stirring rate used 
was 100 per minute, 1 stirrer. A fresh solution using full quantities 
in 1000 ml was prepared each day and used to polish one or two samples.
A potentiometric circuit was used and samples were polished at a fixed 
voltage for from one to three hours over which time the temperature rose 
slowly to an equilibrium value determined by the anode current. The 
anode current density-cell voltage,characteristic is reproduced in 
figure 17 and photomigrographs of the changing character of the surface 
produced with increasing cell voltages are shown in figure 18.
chloride in HC1 was added to 3 mg of acidified gold chloride in about 30 ml 
water and evaporated to near dryness to remove excess acid. The gold 
chloride was redissolved in water and again evaporated to near dryness to 
remove last traces of acid. The gold chloride residue was then redis­
solved again in water and the gold precipitated as yellowish brown 
fulminate of gold with dilute ammonia solution. This was filtered and 
washed with water and dissolved in 30 mg KCN to which 30 mg phosphate
K^HPO^ was added. This constituted the plating solution. Gold samples
-2were plated for 1 minute at 1 ma cm
Gold samples were annealed in atmosphere in 1" diameter ceramic 
tubes. Diffusion annealings of less than a day duration were corrected 
for loss of annealing time due to warm up by taking values for D(T) from 
the results of Makin et al. and using the relation:
Gold Electroplating and Annealing Gold tracer as gold
D(T) dt
te
where t is the effective annealing time
T^ the nominal annealing temperature.
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I0 A SUPPLY 
( 30 V )
CRYSTAL
PERSPEX 
/  CLAMP
BRASS
CONTACT
PIN
EVAPORATION
DISH “
MOUNTING
PLASTIC
S.S. CATHODE MAGNETIC
STIRRER
FIGURE 16(a). Cell used for electropolishing of gold single crystals. 
See also figure 16(b).
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FIGURE 16(b). Cell used for electropolishing of gold single crystals. 
See also figure 16(a).
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P  V
C ELL VOLTAGE (VOLT
FIGURE 17. E x p e r i m e n t a l  c u r v e  o f  anode  c u r r e n t  d e n s i t y  as  a f u n c t i o n  
o f  c e l l  v o l t a g e  u s i n g  t h e  e l e c t r o l y t e  6 as  p ro p o se d  by Rupp e t  a l .  
( t a b l e s  4 , 5 )  and t h e  c e l l  shown i n  f i g u r e  16. The r e g i o n s  on t h e  
c u r v e  can  be d i s t i n g u i s h e d  ( c f .  f i g u r e  18) a s : ~  A-C e t c h i n g ;
C-D p o l i s h i n g ;  D-E r a p i d  gas  e v o l u t i o n  w i t h  s e v e r e  p i t t i n g .
D r e p r e s e n t s  opt imum p o l i s h i n g  c o n d i t i o n s .
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( a )  3 v o l t s  ( a c r o s s  c e l l  t e r m i n a l s )
FIGURE 18. (See  a l s o  f o l l o w i n g  p a g e s )  P h o to m ic ro g r a p h s  (600 X) 
showing s u r f a c e  c o n d i t i o n s  o f  g o ld  spec im ens  a f t e r  a n o d ic  t r e a t m e n t  
a t  v a r i o u s  c e l l  v o l t a g e s  o v e r  t h e  r a n g e  3-13 v o l t s  ( r a n g e  PD 
f i g u r e  17) .  P o l i s h i n g  a c t i o n  b e g in s  n o t i c e a b l y  a t  a b o u t  5 . 5  v o l t s  
and i s  opt imum a t  13 v o l t s .
(b)  4 . 5  v o l t s
( c )  5 v o l t s
FIGURE 18
56
(d )  5 . 5  v o l t s
( e )  6 v o l t s
F IG U R E  1 8
(f) 7 volts
(g) 8 volts
FIGURE 18
58
(h) 10 volts
/
(i) 13 volts
Note: In micrographs (h), (i) dark spots show actual surface pits, the
remainder of the surfaces as viewed through the microscope was clear 
and brightly polished. The broader blemishes have been introduced 
principally by dust remaining in the eye piece of the microscope.
FIGURE 18
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Gold Sectioning Two techniques were employed:
29(a) Anodize/strip technique" A/S. The cylindrical gold crystal as
diffusion annealed was suspended in IM H^SO^ and anodized on all faces
for 5 minutes (or 1 minute) at the required current. The anodized layer
was then dissolved away by suspending in 5N I1C1 for 1 minute. The
crystal was suspended in turn in the sulphuric acid and hydrochloric acid
for the above operations on an L shaped stirrup as illustrated in figure
20. The lower part of the stirrup is hollowed so that the crystal is
supported at the 4 edge points A,B,C,D only, enabling uniform anodization
on all surfaces. Electrical contact to the crystal was made through the
tip of the tungsten rod held against the crystal by the mass of the small
guide pin P. The crystal was weighed on a Mettler 1120 balance after each
sectioning and an equivalent mean section thickness calculated. Section
thickness is linearly related to anodizing current density. Experimental
points of section thickness vs. anodizing current density, covering the
range 30-800 A is shown in figure 21. For thicknesses below 100 X an
oanodizing time of 1 minute was adopted and for 100-800 A sections, 
samples were anodized for 5 minutes.
30(b) Bromine corrosion/strip technique' C/S. Again the teflon 
stirrup was employed (with the tungsten rod and guide pin removed, 
however) to suspend the crystal in turn in bromine vapour in a flask at 
atmospheric pressure for a measured time, and in chloroform for 1 minute 
to dissolve away the corroded film. Section thickness as a function of 
corrosion time is shown in figure 22. It may be said at this stage that 
this method of sectioning was employed on two samples only in order to 
discover whether results obtained were in any way due to the type of 
sectioning method employed. When it was found that both methods A/S,C/S 
gave essentially the same diffusion coefficients the technique was no 
longer used. The method does not appear to be as good as A/Sjsection
61
I
BRASS
GUIDE
PIN
TUNGSTEN 
ROD ~
SINGLE CRYSTAL 
SAMPLE
TEFLON STIRRUP
FIGURE 20. Teflon stirrup for suspension of gold single crystal in 1 M 
SO^  for uniform anodization on all surfaces. The crystal is supported 
only at the four edge points A, B, C, D.
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( SMALLER SCALE
VALUES
ANODIZING )
LARGER SCALE. VALUES
5 min. ANODIZING )
ANODIZING CURRENT ( ma cm )
FIGURE 21. Calibration of the anodizing and stripping procedure forocrystalline gold in 1 M SO^. Sections were typically 400 A requiring
anodization at 24 m a cm"2 for 5 minutes followed by stripping in 5N HC1
29 -1for 1 minute. Recommended usage of 1 M H SO. is 2 pg gold ml2 4
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EXPOSURE TO BROMINE VAPOUR (min-)
FIGURE 22. Calibration of the corroding and stripping procedure for 
crystalline gold in bromine vapour at asmospheric pressure. A 300 
section required immersion in bromine vapour for 2 minutes in an open 
necked flask followed by stripping in chloroform for 1 minute.
>
o
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36,000 CPM
12,000 CPM
PENETRATION DISTANCE (A)
FIGURE 23. Curves of count rate vs. penetration distance for
undiffused gold samples electropolished by the method used for samples
5-12 (table 8). For curve (T) the tracer was applied dropwise on to
the electropolished surface at 100 °C from a microsyringe and then
removed again. A cold wash reduced the count rate of 36000 CPM to
15000 CPM and a thorough hot wash further reduced it to 12000 CPM.
The remaining tracer material could not be removed by washing and
required sectioning to a depth of 500 A to remove it. Curve (2) shows
othe result of sectioning an electroplated sample carrying a 30 A 
surface layer of tracer material.
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thicknesses are more varied even under attempted identical conditions, 
whereas once a set of experimental conditions is established the A/S 
technique will repeat section thicknesses with precision (~ 1$>).
Silver Self-Diffusion at Low Temperature
Specimen Preparation Thin single crystals of silver were
prepared by epitaxial growth from the vapour on to a mica substrate by
31 32vacuum deposition. ’ The experimental set up adopted finally, is
shown in figures 24(a),24(b). With such an arrangement, the basic
procedure is to heat the substrate to the "epitaxial" temperature
250-300 °C so that the condensing silver vapour from the tantalum boat 
o -5heated to 1030 C (at 10 torr) forms an oriented overgrowth of silver 
on the mica substrate. Cleanliness of the vacuum system and of the mica 
substrate in particular is most important. To this end a freshly cleaved 
piece of mica is used. Thus a mica sheet about 3" X 2" was carefully 
cleaved on both sides and the best piece measuring about 1|" X large
enough for a pair of crystal samples (|" sq. each) and free from cleavage 
steps and other imperfections was cut out and clamped to the small 
stainless steel hot plate. Mica chips from the cutting were removed by a 
blast of dry nitrogen and the hot plate was then mounted in the vacuum 
system, already otherwise prepared, and the system evacuated. The 
operation of preparing the mica and getting it into the vacuum was done 
as quickly as possible. Under the best vacuum obtainable with the equip­
ment used (2 X 10 torr) the substrate temperature was raised to the 
required steady value and the shutter which could be operated from out­
side the vacuum system was moved into position between substrate and 
vapour source. The boat temperature was then raised slowly by lowering
it into the induction coil to a predetermined setting for an estimated
odeposition rate of 1000 A per minute and the shutter was withdrawn after
66
HOT PLATE (SS.)
...
N'.iCA /  
SUBSTRATE
CLAMP 7 PLATE 
(S.S.)
3g SILVER
TANTALUM 
BOAT ^
INDUCTION 
I HEATER 
./'"'C O ILHEAT
CONTRO
FIGURE 24(a). Vacuum deposition equipment used for epitaxial growth of
thin silver crystals. See also figure 24(b).
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(a)
(b)
© POTASSIUM ION SITES O SILVER ATOMS IN
IN MICA (00!)  ( l i t )  PLANE
FIGURE 25. (a) Epitaxial islands of silver on mica. (b) The fit of
the main silver orientation on mica.
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the process of evaporation had started. The shutter is used so that any 
volatile contamination from the silver boat liberated during the heating 
up period does not reach the mica substrate. Substrate temperature was 
monitored by a copper-constantan thermocouple clampled to the mica sub­
strate surface by a screw and small clamp block of magnesium oxide. No 
rise in surface temperature of the substrate due to radiant heat from the 
tantalum boat was detected. Four crystals used for diffusion experiments 
were made as above by an approximate 10 minute long continuous evaporation 
of 3 g silver. These were samples 1,2,3,4, table 6.
Four additional samples 5,6,7,8, table 6, used for diffusion
33experiments were made by the "pulse and anneal" technique using the 
same experimental arrangement (figures 24(a),24(b)) as follows. Under a 
vacuum of 2 X 10 torr the substrate was heated to a steady (low 
"epitaxial" temperature. The shutter was moved into position between 
substrate and boat and the boat temperature was raised to the operating 
level so that evaporation proceeded at the normal rate. The shutter was 
operated momentarily (open for about ^ sec) so that a brief pulse of sil­
ver vapour impinged upon the substrate. Evaporation was arrested and the 
substrate temperature raised to a higher annealing temperature for about 
30 minutes to allow improved orientation of the condensed vapour islands 
on the substrate. The substrate temperature was then returned to the 
"epitaxial" level and the evaporation completed by a 12 minute evaporation 
during which the shutter was used to periodically interrupt the vapour 
stream to the substrate (15 sec cycle, 6 sec open, 9 sec closed) to 
reduce rise in temperature of the substrate and forming silver film due 
to heat from the vapour and tantalum boat.
Evidence that the specimens were single crystals was obtained 
from Laue X-ray back scattering. The patterns shown in figure 26 were
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obtained from sample 3 (4 cm separation between the silver crystal and 
the Land film).
(a) Sample 3 on mica backing (single crystal).
(b) A silver film test piece from run 3 and equal in thickness to 
sample 3, deposited on cold mica placed beside the hot plate (finely 
polycrystalline).
(c) The silver test piece from (b) alone, peeled from its mica 
backing.
The surface smoothness appeared to be very good under 600 X 
magnification though not complete as for example obtainable under ideal 
electropolishing conditions. All crystals showed some small degree of 
surface texture or grainines. In table 6 a crystal with a very faint 
surface texture is described as "good" and one with a faint trace of 
texture as "fair". Crystal samples were made in pairs through two §" 
square windows in the substrate clamp plate so that two samples were 
originally available under each sample number in column 1, table 6.
The samples attached to mica substrates were electroplated with 
a very thin layer of ^^Ag and used for the diffusion runs without 
further pretreatment. All silver samples were diffusion annealed in 
hydrogen in sealed silica glass tubes at 388 °C.
7 8Silver Electroplating' Silver was readily electroplated from 
a bath of AgCN 10 mg, KCN 20 mg and K^CO^ 10 mg in 50 ml distilled water 
to which about 0.1 m Ci of ^^Ag as AgNO^ in nitric acid was added.
Contact was made to the sample by a tungsten tipped paper clip (platinum
_2wire anode). Plate at 5 ma cm for 1 minute at room temperature.
Silver Sectioning Thin uniform layers of silver iodide were
formed by reaction with iodine in alcohol 0.1 g/1 for a measured time and
72
subsequent ly 
solution for 
produced 140
the iodide was dissolved away by immersion in 0.05 N KCN
\ minute. One minute in the iodine alcohol solution 
o
A sections. Section thicknesses were determined by weight
loss.
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CHAPTER 7 
RESULTS
Gold Self-Diffusion
The diffused specimens were sectioned 'by the anodize/strip 
technique A/S (or samples 1(b),2(a) by the corrode/strip technique C/S). 
After each section or slice was dissolved away, crystals were weighed and 
the activity remaining in the crystal was counted. The diffusion coef­
ficient D was found from a plot of erfc  ^ F(x) vs. x as detailed at page 
21. Figure 27 shows the integral activity vs. penetration distance 
profile and corresponding erfc plot for sample 27(a).
The measured diffusion coefficients for thirty diffused gold 
samples are tabulated in tables 7,8,9.
The Arrhenius plot, figure 28, utilizes the eight results of
table 8.
Table 9 comprises the results of a systematic study to deter­
mine the effect of electropolished surfaces produced at various cell 
voltages on measured self-diffusion coefficients at 409 °C (plane-source 
samples). The values obtained for D are plotted against cell voltage in 
figure 29.
Table 7 comprises results of several preliminary experiments at 
409 °C with samples of various surface pretreatments. The values are 
represented in figure 30 together with the most reliable results from 
table 9. The earlier results of the several workers mentioned previously 
are also shown and labelled for comparison.
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Concentration vs, x
erf c
) 1000 1500 2000
PENETRATION DEPTH (Ä )
FIGURE 27. Penetration profiles for gold sample 27(a).
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Table 9. Gold Self-Diffusion
Diffusion Annealing Temperature 409 
Diffusion Annealing Time 1.13 X 10^
°C
sec
Sample Electropolishing
Voltage Time
(volts) (hr)
D (X 10_15)
t 2 "I,(cm sec )
13 (b) 4 3 7.6
14 (b) 4. 5 3 6.9
13 (b) 5 21 12.1*
16 (a) 6 2\ 7.3
17 (a) 6.5 2 6.3
18 (b) 7 2 7.6
1 9 (a) 7 2 1 0.6*
20 (a) 7 2 9.9*
21 (a) 7.5 2 5.6
22 (b) 8.5 2 6.5
23 (b) 9 2 6.7
24 Cb) 10 2 6.0
25 (b) 1 2 2 12.2*
26 (a) 12 2 5.7
27 (a) 13 2 5.3
28 (a) 13 2 4.71
(28) (4.i f
29 (b) 14 11 7.2
30 (b) 1 6 11 8.0
damaged sample
t 4diffusion annealed for 2.26 X 10 sec
from samples 27(a), 28(a) and multiple annealing considerations.
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TEMPERATURE (°C)
4 0 9  361 331 301 230
_ \  \
KIDSON 
"  ( I9S8)
«  10
PRESENT
WORK
RUPP, ERMERT 
AND SIZMANN
( 1 9 6 9 )
10 7  T
FIGURE 28. T e m p e r a tu r e  dependence  o f  m easured  s e i f - d i f f u s i o n  
c o e f f i c i e n t s  D f o r  go ld  samples  5-12 ( t a b l e  8 ) .
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> 9  io II 12 
CELL VOLTAGE
IS 17
FIGURE 29. P l o t  o f  d i f f u s i o n  c o e f f i c i e n t  D a g a i n s t  e l e c t r o p o l i s h i n g  
c e l l  v o l t a g e  showing t h e  t r e n d  t o  lower measured  D v a l u e  f o r  g o l d  
s e l f - d i f f u s i o n  a s  t h e  spec im en  s u r f a c e  f l a t n e s s  ( m i c r o s c o p i c )  improves  
t h r o u g h  t h e  r a n g e  (3 V - 13 V) shown i n  f i g u r e  18.
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SURFACE TREATMENT
SPARK PLANED AT 
LOW SPARK ENERGIES
SPARK PLANED SURFACE 
CUT BACK 200  ym, 
ELECTROPOLISHED AT 
4 VOLTS FOR 5 MIN.
ELECTROPOLISHED AT 
13 VOLTS FOR Z HRS. 
(OPTIMUM CONDITIONS)
2 7 ( c u
FROM 2 7 ( a ) ,  2 0 (a )  
(MULTIPLE ANNEALING 
CONSIDERATIONS)
MAKIN et ol
RUPP et a!
( K >|0 / T
FIGURE 30, P lo t  of measured D v a lu e s  f o r  gold  s e l f - d i f f u s i o n ,  
o b ta in e d  under v a r i o u s  c o n d i t io n s  of s u r f a c e  p r e p a r a t io n  showing 
th e  marked t r e n d  toward lower v a lu e s  and ap p ro ac h in g  l a t t i c e  
d i f f u s i o n  v a lu e s  a s  th e  f l a t n e s s  (m ic ro sc o p ic )  of th e  sample 
s u r f a c e  i s  improved.
02
(c) (d)
(e)
FIGURE 31. Sectioning of plane-source 
samples. (a) Plane sample + a thin 
surface deposit of solute. (b) Section­
ing of the diffused plane sample (ideal), 
(c) "Plane" sample with tracer contained 
in a micropit at the surface. (d) Sec­
tioning of the pitted sample (ideal case) 
where the sections have followed the 
surface contour. (e) Sectioning of the 
pitted sample (real case) where the sur­
face contour is not followed, showing 
the origin of the crystal background 
leading to spuriously high value for D 
from the integral activity profile.
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Silver Self-Diffusion
Ten thin silver crystals were diffusion annealed at 388 °C and 
sectioned and a diffusion coefficient determined. The information from 
table 3 on crystal preparation is reproduced in tables 10,11 together with 
the diffusion experiment results. The eight numbered samples are dis­
tinguished by their methods of manufacture. Samples numbered 1-4 were
produced by straight vacuum deposition at various substrate temperatures
32as tabulated. Sample 3 prepared at the optimum substrate "epitaxial"
temperature 275 °C gave the lowest value for D 2.1 X 10 cm“ sec  ^ (to
*  - 15 2 -1be compared with the lattice diffusion value 1 X 1 0  cm sec ).
Both samples of run 4 (4(a),4(b)) prepared with the substrate 
at 300 C were available for diffusion. These were diffusion annealed
for different times. Sample 4(a) was annealed for the shorter time
4 -15 2(t = 7.6 X 10 sec) and gave the higher value for D (2.9 X 10 cm
sec )^. Sample 4(b) (t = 18 X 10^ sec) gave the value 2.3 X 10 ^  cm^
-1sec
Samples numbered 5-8 were produced by the "pulse and anneal" 
technique at various substrate and annealing temperatures. The two
samples 6 (6(a),6(b)) gave the best results. These two samples were
-15 2diffusion annealed for different times and the values 2.5 X 10 cm 
sec  ^ (t = 18 X 10^ sec) and 1.7 X 10 cm^ sec  ^ (t = 7.6 X 10^ sec) 
obtained. These two values are plotted in figure 33 for comparison with 
earlier results. The point labelled (6) in figure 33 is derived from 
samples 6(a),6(b) and multiple annealing considerations.
•>v It is assumed that diffusion coefficients obtained by a downward 
extrapolation of high temperature measurements correspond to uncomplicated 
lattice diffusion.
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30001000 2000 
PENETRATION DISTANCE (A)
FIGURE 32. Penetration profile for silver, sample 3.
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TOMIZUKA AND 
^  SONDER (1956)
LAI AND MORRISON 
/ (1970)
^P R E S E N T  WORK
<— 6b
VARDIMAN ANDJs 
ACHTER (I96S)
388 °C
FIGURE 33. Arrhenius plots of published results for silver self- 
diffusion for comparison with present results at 388 °C.
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CHAPTER 8 
DISCUSSION
Gold and Silver Self-Diffusion at Low Temperature
The Arrhenius plot for gold (figure 28) was obtained using 
brightly electropolished surfaces which appeared substantially plane 
(resembling figure 18(h)) when examined under 600 X magnification. The 
full surface pre-treatment included spark planing at low spark energies, 
cutting back at least 200 pm by anodic dissolution and electropolishing. 
Experimental points lie in general between the results of Rupp, Ermert 
and Sizmann and the results of Whitton and Kidson, and exceed the former 
by a factor of about 2|. The significant point here is that the dif­
fusion depths for the six readings which fit the straight line drawn,
were all the same - 3000 X approximately. When the diffusion depth was
oreduced to about one third this value (1200 A) by reducing the diffusion 
annealing time as in samples 7,8 at 279 °C the measured D value was 
increased by a factor of three and lies just above the measurements 
obtained by Whitton and Kidson. On the basis of this result and on 
several other reported and unreported runs it is realised that almost any 
result of Arrhenius plot lying between those of Rupp et al. and Whitton 
and Kidson and beyond can be had by simply selecting appropriate 7D t and 
holding it constant (by adjustment of t) over the measurements at 
selected temperatures. The result could then be moved bodily to higher 
values of D by reducing vD t or to lower values by increasing it.
Samples 4,5 provide an example at 409 °C of movement of measured D values 
toward the Rupp et al. result (i.e. reduction of D) by doubling the dif­
fusion annealing time. Whitton and Kidson's results were obtained using 
short annealing times and consistently their measured D values greatly
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exceed t h o s e  e x p e c t e d  f o r  l a t t i c e  d i f f u s i o n .  The a b s e n c e  o f  t h i s  
dependence  o f  measured  D v a l u e  on d i f f u s i o n  d e p t h  i n  t h e  work o f  Rupp, 
Ermert  and Sizmann p o i n t s  t o  t h e  r e l i a b i l i t y  o f  t h e i r  r e s u l t s .  The 
p l o t t e d  p o i n t s  i n  t h e i r  A r r h e n i u s  d i ag ra m  do no t  d e v i a t e  f a r  f rom a 
s t r a i g h t  l i n e  even though  d i f f u s i o n  d e p th  v a r i e s  f rom 500 X t o  3000 X.
I t  a p p e a r s  t h a t  t h i s  a s p e c t  o f  dependence  on d i f f u s i o n  d e p t h
a p p l i e s  a l s o  t o  s i l v e r  s e l f - d i f f u s i o n  and e x p l a i n s  t h e  c u r v a t u r e  i n  t h e
r e s u l t s  o f  L a i  and M o r r i s o n ,  and t h e  r e s u l t s  o f  Vardiman and A c h t e r .  A
c a l c u l a t i o n  u s i n g  v a l u e s  f rom Vardiman and A c h t e r ' s t a b l e  1 shows t h a t
o o
t h e  d i f f u s i o n  d e p th  f o r  t h e  258 C p o i n t  i s  a b o u t  2000 A and l e s s  t h a n  
h a l f  t h a t  f o r  t h e  338 °C p o i n t  (5000 A) and t h e  fo rm er  p o i n t  a t  238 °C 
d e v i a t e s  f u r t h e r  f rom t h e  e x p e c t e d  l a t t i c e  d i f f u s i o n  v a l u e .  S i m i l a r l y  f o r  
La i  and M o r r i s o n ' s  work t h e  d i f f u s i o n  a n n e a l i n g  t im e  v a r i e s  o n l y  s l i g h t l y  
f rom one r u n  t o  t h e  n e x t  w h i l e  t h e  d i f f u s i o n  c o e f f i c i e n t  f a l l s  o v e r  t h e
_ g
f i v e  v a l u e s  measured  by a f a c t o r  o f  1 0 . As a c o n s e q u e n c e  t h e  d i f f u s i o n
d e p t h  i s  r e d u c e d  enorm ous ly  w i t h  each  r e d u c t i o n  i n  d i f f u s i o n  t e m p e r a t u r e  
and t h e  A r r h e n i u s  p l o t  sweeps upward a t  t h e  low t e m p e r a t u r e  end ,  
i n d i c a t i n g  an a c u t e  dependence  upon d i f f u s i o n  d e p th .
The r e a s o n  f o r  o b t a i n i n g  a b n o rm a l l y  h i g h  D v a l u e s  a t  low tem ­
p e r a t u r e s  i s  c o n s i d e r e d  t o  be an ' a r t e f a c t  ' o f  t h e  e x p e r i m e n t a l  t e c h n i q u e
34c o n s e q u e n t  upon t h e  n a t u r e  o f  t h e  spec im en  s u r f a c e .  The p r e s e n t  
r e s u l t s  f o r  go ld  shown i n  f i g u r e  29 where t h e  measured  D v a l u e s  f rom 
t a b l e  9 a r e  p l o t t e d  a g a i n s t  e l e c t r o p o l i s h i n g  c e l l  v o l t a g e ,  a r e  r e l e v a n t  
h e r e .  I t  i s  a p p a r e n t  f rom t h e  m ic r o g r a p h s  shown i n  f i g u r e  18 t h a t  t h e  
smoothness  o f  t h e  go ld  s u r f a c e  improves  w i t h  i n c r e a s i n g  e l e c t r o p o l i s h i n g  
c e l l  v o l t a g e  and optimum p o l i s h i n g  c o n d i t i o n s  r e s u l t  a t  a b o u t  13 v o l t s  
c e l l  p o t e n t i a l  where  t h e  s u r f a c e  smoothness  i s  a lm o s t  c o m p l e t e .  R e f e r ­
r i n g  t h e n  t o  f i g u r e  29 i t  i s  s e en  t h a t  t h e  g e n e r a l  t r e n d  i s  one o f  
r e d u c t i o n  i n  t h e  measured  D v a l u e  as  t h e  s u r f a c e  smoothness  im proves  and
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the minimum value obtained for D corresponds with maximum available sur­
face smoothness. The minimum D value so obtained, however, exceeds the 
value expected for lattice diffusion by about 25°j0 and we attribute the dif­
ference to the fact that the surface is still not completely smooth. The
-15 2 -1high D values of 12 X 10 cm sec at 5,12 volts may result from sur­
face damage. High D values are obtained if the polished surface is in
any way touched or damaged during the specimen preparation stage. The
-15 2 -1two remaining high values of about 1 0 X 1 0  cm sec at 7 volts may 
also be due to surface damage or to the particular nature of the electro- 
polished surface, compare figure 18(f) which does not appear to fit the 
sequence of gradual improvement in surface flatness with increasing cell 
voltage.
In figure 30 values from table 7 for gold self-diffusion at 
409 °C are plotted and compared with earlier results and further demon­
strate the influence of surface brightness (or flatness), and diffusion
-15 2time, on measured D values. The higher two values 1(b) (14 X 10 cm 
sec )^ and 1(a) (11 X 10  ^J ern^  sec )^ were determined from diffusion 
into spark planed surfaces. Below these the three values 2(a)
(9.2 X 10 ^  cm^ sec )^, 2(b) (8.7 X 10 cm^ sec )^ and 3(a)
-15 2 -1(8.3 X 10 cm sec ) were obtained from poorly electropolished sur­
faces. The full surface treatment here involved spark planing, cutting 
back at least 200 pm by anodic dissolution and some inadequate attempt at 
electropolishing. Photomicrographs of these surfaces resemble figure 
18(e). The point 27(a) was obtained from the best attainable electro-
polished surface as shown in figure 18(i). The diffusion annealing time
4for the above six results was 1.13 X 10 sec. The point 4(a) is a repeat
of the experiment 3(a) but at double the diffusion annealing time
, 4 -15 2 - 12.26 X 10 sec. In this the D value found was 6.7 X 10 cm sec com­
pared with 8.3 X 10 ^  cm^ sec  ^ for sample 3(a). Similarly 28(a)
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(D = 4 .7  X 10 cm sec  ) i s  a r e p e a t  a t  d o u b l e  t h e  d i f f u s i o n  a n n e a l i n g
-15 2 -1t i m e  o f  2 7 ( a )  (D = 5 .3  X 10 cm s e c  ) .  The f a c t  t h a t  a lower v a l u e  
i s  o b t a i n e d  f o r  D when t h e  d i f f u s i o n  a n n e a l i n g  t im e  i s  i n c r e a s e d  s u g g e s t s  
t h a t  a  h i g h e r  d i f f u s i o n  c o e f f i c i e n t  ( a p p a r e n t  or  r e a l )  i s  o p e r a t i v e  i n  
t h e  f i r s t  i n s t a n c e  d u r i n g  t h e  e a r l i e r  p a r t  o f  t h e  a n n e a l i n g  t im e  i n  t h e  
v e r y  n e a r - s u r f a c e  l a y e r s ,  and a lower v a l u e  a p p l i e s  d u r i n g  t h e  l a t t e r  
p a r t  o f  t h e  a n n e a l i n g ,  and ,  as  d e m o n s t r a t e d  be low,  a p p r o a c h e s  t h e  l a t t i c e  
d i f f u s i o n  v a l u e  as  t h e  a n n e a l i n g  t im e  i s  i n c r e a s e d  s u f f i c i e n t l y .  An 
e v a l u a t i o n  o f  t h e  v a l u e  can  be made from t h e  r e s u l t s  f o r  sample  2 7 ( a )  
and 2 8 ( a )  and t h e  t h e o r y  f o r  m u l t i p l e  a n n e a l i n g s  a t  pages  2 1 ,2 2 .
Thus from r u n  2 7 ( a )  d i f f u s i o n  a n n e a l e d  f o r  t im e  t
( 1 . 1 3  X 10^ s e c )  t h e  v a l u e  = 5 .3  X 10 ^  cm^ sec   ^ i s  found from t h e
c o r r e s p o n d i n g  e r f c  p l o t ,  and from r u n  2 8 ( a )  a n n e a l e d  f o r  t im e  T (= 2 t )
-15  2 -1t h e  mean v a l u e  D = 4 .7  X 10 cm s e c  i s  found .  W r i t i n g  
DT = t  +  t  g i v e s  = 4.1 X 10 ^  cm^ sec  T h i s  v a l u e  (28)  i s  
p l o t t e d  i n  f i g u r e  30 and l i e s  c l o s e  t o  t h e  v a l u e  e x p e c t e d  from t h e  h i g h -  
t e m p e r a t u r e  m easu rem en ts  o f  Makin e t  a l .  and t h e  l o w - t e m p e r a t u r e  work o f  
Rupp e t  a l .
The r e s u l t  (4)  a l s o  p l o t t e d  i n  f i g u r e  30 i s  d e r i v e d  from 4 ( a )  
and 3 ( a )  i n  a s i m i l a r  way, 4 ( a )  b e in g  a r e p e a t  o f  3 ( a )  a t  d o u b l e  d i f ­
f u s i o n  a n n e a l i n g  t im e .  The r e s u l t  (4 )  l i e s  above  (28 )  and means t h a t  
d e e p e r  p e n e t r a t i o n s  o f  s o l u t e  ( l o n g e r  a n n e a l i n g s )  a r e  r e q u i r e d  t o  a c h i e v e  
l a t t i c e  d i f f u s i o n  v a l u e s  f o r  samples  e l e c t r o p o l i s h e d  i n  t h e  manner  o f  3 ( a )  
and 4 ( a )  t h a n  f o r  t h o s e  e l e c t r o p o l i s h e d  i n  t h e  manner o f  2 7 ( a )  and 2 8 ( a ) .
The above s u g g e s t s  t h a t  t h e  i n i t i a l  c o n d i t i o n s  o f  d i f f u s i o n  
from a p l a n e  s o u r c e  a r e  n o t  j u s t i f i e d .  When we p e r f o r m  t h e  e x p e r im e n t  as  
f o r  sample  2 7 ( a )  - an assumed p l a n e  s o u r c e  sample  - and a n n e a l  f o r  a t im e  
t  = 1 .13  X 1 O^ 1 s e c  we f i n d  a v a l u e  f o r  D = 5 .3  X 10 ^  cm^ se c   ^ which  i s
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higher than expected for lattice diffusion. On the other hand, for the 
second half of the annealing of sample 28(a) - annealed for time 2t - our
"initial" conditions are equivalent to the measured profile of sample
-15 227(a) shown in figure 27 and from this we obtain = 4.1 X 10 cm 
sec \  the lattice diffusion coefficient. We conclude that assumptions of 
a plane source are in general invalid for diffusion in very near-surface 
regions unless the surface is smooth on a microscopic scale. The degree 
of smoothness required would depend on the penetration depth and the 
sectioning technique employed.
In our experiments with gold,the high D value probably results 
from the inability of the employed serial sectioning techniques to follow 
the surface contour. An ideal plane source sample is illustrated at (a) 
figure 31 . The thin plane surface deposit diffuses at temperature (in 
the x direction as shown) as depicted by the cross hatched area, figure 
31(b), and the profile is determined by sectioning into thin slices of 
uniform thickness. Figure (c) illustrates the situation where some 
tracer material is contained in micropits at the surface, and figures 
(d),(e) show the results of diffusion annealing and sectioning such 
samples. If the sectioning technique followed the surface contour as in 
(d) little error would result. However it is very likely that figure (e) 
represents the true situation where the sections are not parallel sided 
at small surface defects and only partially match the surface shape. It 
is clear that when a real crystal is sectioned as in (e) to the diffusion 
depth as would result from a plane source sample, a quantity of tracer 
material will still be contained in the crystal in the vicinity of each 
defect. Such tracer material produces a high crystal background and as a 
result too high a value for D is obtained from the erfc plot. At this 
point it is evident that a more reliable value for D will be found if the 
material from each individual section is collected and counted than by
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the integral activity method. This is apparent from figure 31 (e) where 
as illustrated each individual section is not greatly different from the 
ideal slice of constant thickness, whereas apparent deep penetration at 
each defect will produce a crystal background and result in high measured 
D values from the integral activity procedure.
There is evidence that tracer material» goes deep into surface 
imperfections when applied dropwise from a micro-syringe or by electro­
plating or by vacuum deposition. In figure 23 is shown the result of 
sectioning a gold crystal electropolished by the method used for samples 
5-12 inclusive. Gold tracer solution was applied dropwise on to the 
electropolished surface at 100 °C and removed again. A wash in cold 
water removed about 60%. A thorough wash in boiling water (without 
however rubbing the surface with anything) removed another 10%. The 
remaining 30% could not be removed by washing and required sectioning to 
a depth of 500 ^ to remove it. This test suggests that a large fraction 
of the material was not on the surface but in it. The experiment was 
repeated using an electroplated sample and a slightly deeper penetration 
found.
Again Whitton and Kidson show7 in their figure 1 (a and b) the
results of sectioning two of their unheated plane source samples. These
otwo samples carried a surface layer of active tracer 60 A thick applied
oby vacuum deposition. When the samples were sectioned to 500 A and 
beyond a residual "tail" of activity from tracer material still remained 
in the samples. Logically it is contained in micropits in the surface to 
a depth greater than 500 A and partly concealed from the sectioning 
operations. Whitton and Kidson's conclusion that the "deep penetrating 
tail" present in all their reported tests derived from the diffusion 
process is evidently incorrect since it is already present in their 
samples prior to the heat treatment, as plated and prepared for diffusion.
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T u r n in g  t o  t h e  s i l v e r  s e l f - d i f f u s i o n  work t h e  r e s u l t s  s u g g e s t  
t h a t  l a t t i c e  d i f f u s i o n  c o e f f i c i e n t s  can  be measured  f o r  s i l v e r  a t  low tem­
p e r a t u r e s  as  Rupp e t  a l .  have done f o r  go ld  i f  c a r e  be t a k e n  to  p r e p a r e  
an  a d e q u a t e l y  smooth sample and an a n a l y s i s  whereby t h e  m a t e r i a l  f rom 
i n d i v i d u a l  s e c t i o n s  i s  c o l l e c t e d  and c o u n te d ,  i s  employed.  S i l v e r  i s  
much more d i f f i c u l t  t o  e l e c t r o p o l i s h  t h a n  g o ld  and i t  i s  l i k e l y  t h a t  t h i s  
i s  t h e  r e a s o n  no l a t t i c e  d i f f u s i o n  c o e f f i c i e n t s  have been measured  f o r  
s i l v e r  a t  low t e m p e r a t u r e s .  R e c e n t l y  t h e  l o w - t e m p e r a t u r e  measurem ents  o f
35Rupp e t  a l .  f o r  go ld  s e l f - d i f f u s i o n  have  been  v e r i f i e d  by use  o f  a t h i n  
g o l d  c r y s t a l  2 pm t h i c k  p r e p a r e d  by s p u t t e r i n g  and e p i t a x i a l  g rowth on t o  
magnesium o x i d e .  In  t h e  p r e s e n t  work s i l v e r  c r y s t a l s  a b o u t  1 pm t h i c k  
were  produced  by e p i t a x i a l  g rowth  on t o  mica by vacuum d e p o s i t i o n .
S e v e r a l  w o r k e rs  have produced c r y s t a l s  t h i s  way w i t h  c o m p le te  s u r f a c e  
s m oo thne ss .  Ten such samples  were  e l e c t r o p l a t e d  w i t h  ^ ^ A g  and d i f f u s i o n
a n n e a l e d  a t  388 °C and s e c t i o n a l l y  a n a l y s e d  by t h e  i n t e g r a l  a c t i v i t y
-15 2 -1method .  A l l  v a l u e s  f o r  D were  below 4 X 1 0  cm sec  . The l a t t i c e
d i f f u s i o n  v a l u e  o f  Tomizuka and Sonder  p roduced  from h i g h  t e m p e r a t u r e
-15 2 -1m easurem ents  i s  1 X 10 cm sec  a t  t h i s  t e m p e r a t u r e .
A t t e n t i o n  i s  drawn t o  t a b l e  11 and samples  6 ( a ) , 6 ( b ) .  These  
were  " i d e n t i c a l "  c r y s t a l  s a m p le s ,  p roduced  s i d e  by s i d e  i n  t h e  one 
e v a p o r a t i o n  on t h e  same mica s u b s t r a t e .  Sample 6 ( a )  gave a v a l u e  o f  
2 . 5  X 10 ^  cm“ sec  , when d i f f u s i o n  a n n e a l e d  f o r  7 . 6  X 10^ sec  and 
sample  6 (b )  a v a l u e  1 .7  X 10 ^  cm^ sec  when a n n e a l e d  f o r  18 X 10 '  s e c .
Thus f o r  t h e  s i l v e r  samples  a l s o  t h e  measured  D v a l u e  i s  r ed u c e d  by
-15 2i n c r e a s i n g  t h e  d i f f u s i o n  a n n e a l i n g  t im e  and t h e  v a l u e  1 .2  X 10 cm 
sec   ^ i s  o b t a i n e d  from m u l t i p l e  a n n e a l i n g  t h e o r y  f o r  t h e  c o e f f i c i e n t  r e p ­
r e s e n t i n g  t h e  d i f f u s i o n  r a t e  d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  a n n e a l i n g .
-15 2These  r e s u l t s  a r e  r e p r e s e n t e d  i n  f i g u r e  33 and t h e  v a l u e  1 .2  X 10 cm 
sec   ^ i s  v e r y  c l o s e  t o  t h e  e x p e c t e d  l a t t i c e  d i f f u s i o n  v a l u e .
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Review
We c o n c lu d e  t h a t  bo th  go ld  and s i l v e r  s e l f - d i f f u s e  a t  low 
t e m p e r a t u r e  a t  " c o r r e c t "  l a t t i c e  d i f f u s i o n  r a t e s  w i t h  v e r y  l i t t l e  c o n t r i b u ­
t i o n  from d i s l o c a t i o n  d i f f u s i o n ,  and t h a t  t h e  r e p o r t e d  h i g h  D v a l u e s  do 
n o t  i n  any way r e p r e s e n t  r e a l  d i f f u s i o n  r a t e s  b u t  a r i s e  f rom t h e  
e x p e r i m e n t a l  t e c h n i q u e .
I t  may be u s e f u l  now t o  r e v i e w  p r e v i o u s l y  p u b l i s h e d  work f o r  
g o ld  s e l f - d i f f u s i o n  a t  low t e m p e r a t u r e .  The p a p e r s  form two g r o u p s ,  ( a )  
t h o s e  who have  measured  l a t t i c e  d i f f u s i o n  v a l u e s ,  and (b )  t h o s e  who have  
measured  a b n o rm a l l y  h i g h  v a l u e s .  The f o l l o w i n g  t h r e e  p a p e r s  form group  
( a )  and we a c c e p t  t h e i r  v a l u e s  as  b e i n g  e s s e n t i a l l y  c o r r e c t .
Group ( a )
( i )  Rupp e t  a l .  (1969 ) .  E x p e r i m e n t a l  method;  e l e c t r o p o l i s h e d  s u r ­
f a c e s  and s e r i a l  s e c t i o n i n g  a n a l y s i s .  The s i g n i f i c a n t  p o i n t  h e r e  i s  t h a t
t h e  a p p ro x i m a t e  d i f f u s i o n  d e p th  f o r  t h e  s i x  m easured  p o i n t s  v a r i e s  ove r  
o o
t h e  r a n g e  504 A - 3162 A, and y e t  each  p o i n t  i s  a p p r o x i m a t e l y  i n  t h e  
" r i g h t "  p o s i t i o n  i n  t h e  A r r h e n i u s  d iag ra m .  T h i s  f a c t  i n d i c a t e s  t h a t  t h e  
s u r f a c e s  used  were q u i t e  p r e c i s e  and u n i f o r m l y  f l a t  (a  s u r f a c e  ro u g h n e s s  
o f  < 30 X i s  c l a i m e d ) ,  and a c o r r e c t  measurement  o f  D would be e x p e c t e d .  
T h e i r  r e s u l t  o f  p e e l i n g  a " n o t  t h e r m a l l y  t r e a t e d "  c r y s t a l  ( p .513)  
i n d i c a t e s  t h a t  s u r f a c e  m i c r o p i t s  e x t e n d  t o  a  d e p th  o f  a b o u t  100 A. T h i s  
i s  l a r g e  compared w i t h  t h e  a p p r o x i m a t e  d i f f u s i o n  d e p th s  504 A and 605 
f o r  t h e i r  two l o w e s t  t e m p e r a t u r e  p o i n t s  so we would e x p e c t  t h e s e  two 
v a l u e s  t o  be t o o  h i g h .  As p l o t t e d  i n  t h e  A r r h e n i u s  d iag ra m  t h e y  do 
in d e e d  a p p e a r  a l i t t l e  h i g h  and t h e  t r u e  v a l u e s  may be c l o s e r  t o  t h e  h i g h  
t e m p e r a t u r e  r e s u l t  o f  Makin e t  a l .  t h a n  i n d i c a t e d .
3 6The above paper  and t h o s e  o f  ( i i )  G a i n o t t i  and Z e c c h in a  (1965)
‘ 35and ( i i i )  Gupta and T s u i  (1970)  a r e  i n  c l o s e  a g re e m e n t .  I t  i s  c o n s i d e r e d
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that Gainotti and Zecchina owe their result to their experimental method 
of X-ray absorption which avoids issues arising out of surface roughness 
combined with serial sectioning methods. A plane sample of high surface 
flatness would not be required for this as the nature of the surface 
would not be expected to affect actual diffusion rates within the near­
surface region.
Gupta and Tsui used thin gold crystals produced by sputtering and 
epitaxial growth on to a magnesium oxide crystal at 400 °C (and serial 
sectioning by rf sputter etching). Such crystals exhibit high surface 
smoothness and again a reliable result could be expected.
Group (b)
Two papers (iv) and (v) must be considered under group (b).
(iv) Whitton and Kidson (1968). Experimental method; electro- 
polished surfaces and serial sectioning analysis. Crystals were spark 
planed, cut back 250 pm by anodic dissolution and "final preparation of 
the strain free surface was accomplished by electropolishing". The paper 
has overlooked the essential requirement of surface flatness. Electro­
polishing is referred to as quoted above but no details are given of the 
quality of the result achieved and the evidence is that the result is 
quite unsatisfactory. In their figure 1(a) is shown the result of sec- 
tioning one of their, yet unheated, plane-source samples as electro-
polished, plated and prepared for diffusion. The deep penetration of at 
oleast 500 A of the vacuum deposited tracer material shows clearly the 
depth of micropits at the surface. The "deep penetrating tail" seen in 
all their concentrati.on vs. penetration distance profiles cannot be due 
to dislocation diffusion since it is already present in the samples 
before the heat treatment, as plated and prepared for diffusion.
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(v) Morrison and Yuen (1971).' Experimental method; electro-
polished surfaces and serial sectioning. This paper raises no new issue.
The suggestion that "dislocations may be rendered ineffective as rapid
diffusion paths by some mechanism" is unfounded. The high D values are
readily obtained with any gold crystals and merely indicate lack of
attention to electropolishing results. Any contribution from dislocation
diffusion would be more apparent in the work of Gupta and Tsui above,
9 -2since the dislocation density is about 10 cm in such thin crystals and
7 -2two orders of magnitude higher than the figure 10 cm expected in 
crystals as used by Morrison and Yuen, and Whitton and Kidson. Gupta and 
Tsui have shown however that lattice diffusion coefficients can be 
measured even at the much higher dislocation density.
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CHAPTER 9 
CONCLUSIONS
We have been involved in part II with the problem of measure­
ment of small diffusion coefficients, specifically for gold and silver 
self-diffusion at low temperature, and the apparent predominance of dis­
location diffusion effects. On the basis of the present measurements, 
conclusions can be drawn as follows:
(1) Abnormally high diffusion coefficients are readily obtained by 
certain serial sectioning methods for gold and silver self-diffusion at 
low temperatures.
(2) The measured value of D at a given temperature is not a 
precise value but depends upon surface roughness. Smaller values are 
obtained for smooth surfaces and approach lattice diffusion values as the 
surface becomes smooth on a microscopic scale.
(3) When the surface is not smooth, the measured D value at a given 
temperature depends also upon diffusion depth (i.e. upon diffusion anneal­
ing time). Small, values, approaching lattice diffusion values are 
obtained for very deep penetration of tracer material and varying degrees 
of apparent amplification of D up to 10 times the lattice diffusion value 
and beyond can be had by successively reducing the diffusion annealing 
time.
(4) The rate of variation of the diffusion coefficient with dif­
fusion annealing time depends upon surface roughness and approaches zero
for smooth surfaces.
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(5) The above findings are consistent with the belief that surface 
roughness combined with certain serial sectioning methods of analysis can 
lead to spuriously deep penetration profiles when the depths of small 
surface irregularities are comparable with diffusion penetration depths.
To sum up, we can say that lattice self-diffusion coefficients 
are effective for small penetrations in gold and silver at low tempera­
ture and the readily obtained, abnormally high values, are not genuine 
but arise from the experimental technique. Surface roughness has been 
shown to contribute the major source of error.
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